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Abstract  
Comminution is an essential component of mineral processing operations and its proper 
operation and design is vital to ensure that the plant operates efficiently. In recent years, 
there has been a shift of emphasis on ball mill optimization to semi-autogenous grinding 
(SAG) mills.  In order to optimize this section, the skills to accurately model and 
understand its underlying mechanisms are required. 
The literature exposed a clear lack of previous research on the influence and performance 
of grate/pulp lifter design in AG/SAG mill discharge. The current understanding from 
literature lacks knowledge of mill content size distribution and its effect on discharge 
through the grate at various aperture sizes and radial positions. It also indicates that in 
order to advance the understanding in a meaningful way, a more mechanistic approach 
must be taken to modelling these principles.  
There is currently no accepted pilot test procedure for measuring discharge and product 
size distributions in AG/SAG mills. The existing models and understanding of grate 
discharge and classification are known to be flawed and have been identified as one of the 
key limitations in AG/SAG modelling. 
The aim of this thesis is to improve on the current understanding of discharge in the 
SAG/AG model. It focuses on the present limitations of the JK AG/SAG model in predicting 
accurate grate and pebble port discharge. The thesis objective was to design a pilot scale 
test that can accurately measure and explore discharge mechanisms. The results of doing 
this can lead to the replacement of non-mechanistic equations with either comprehensive 
mechanistic modelling or an improvement of the current empirical relationships. 
An in-depth pilot scale test methodology has been developed and an extensive 
experimental program undertaken on a 1.8 m diameter batch mill adapted to provide 
accurate discharge measurements. Controlled discharge tests with associated full content 
measurement allowed accurate measurement of the grate discharge function only, without 
complications of unknown pulp lifter effects, grinding rates and transport through the mill. 
Successful initial predictions for flow through the grate and its classification have been 
achieved and analysed. Finally the extensive material gained by conducting this study can 
be utilised in improvement of current and development of new discharge models.  
The results of the extensive pilot scale test program show similarities to previous literature 
however the studies have uncovered unique and previously unrefined relationships for 
SAG/AG discharge. The overall discharge results indicate that it is controlled by the ore 
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filling in the mill and not related to total mill filling. Discharge through an individual opening 
on the grate is driven by the factors of ore filling, radial position and the size of the 
aperture.  
The results indicate that 1.18 mm is approximately the size below which particles 
experience no classification (i.e. if presented to the aperture they will pass through). At this 
point discharge is at a maximum in relation to mill contents and is much larger than 
previously estimated in the literature.  
The classification at the grate for both slurry apertures and pebble ports has substantially 
extended previous research studies. The results show clear trends in relation to the radial 
position, aperture size and particle size.  
The thesis has provided improvements to the previous AG/SAG mill discharge 
understanding in terms of discharge rates and grate classification in relation to mill load 
and operating parameters.  
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1 Introduction and Context 
Comminution is an essential component of mineral processing operation and its proper 
operation and design is vital to ensure that the plant is operating efficiently.  In order to 
optimize its efficiency, an understanding the underlying mechanisms and the ability to 
accurately model the system is required. 
Comminution can account for up to 75% of the total energy consumed by a conventional 
concentrator. Most of this energy is the electrical energy required to operate large grinding 
mills, such as ball mills and SAG mills (Musa and Morrison 2009). In recent years there 
has been a shift of emphasis on ball mill optimization to semi-autogenous grinding (SAG) 
mills (Latchireddi and Morrell 2003). In the past, it was common for primary, secondary 
and tertiary crushers to feed material directly to large ball mills, and hence the efficiency of 
an operation was fundamentally determined by the ball mill. Plant efficiency now rests 
largely on the operation and design of SAG mills.  
Semi-autogenous mills (SAG) are very similar to autogenous mills (AG) but, like ball mills, 
use steel media to aid in grinding. SAG mills are typically operated with feed water and ore 
entering through a feed trunnion and into the mill shell, where breakage occurs. Then, 
when the material has been sufficiently comminuted, it flows through the grate as slurry 
and pebbles. This slurry is then lifted by pulp lifters and discharged. This is outlined in 
Figure 1  (Latchireddi and Morrell 2003). 
 
 
Figure 1 Schematic of a typical trunnion supported grate discharge mill. 
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In order to accurately model SAG mill operations, the grinding, discharge and transport 
mechanisms must be understood.  
1.1 Open versus Closed Circuit 
A milling circuit can be designed and operated as an open or closed circuit. An open circuit 
does not have a recirculating load whilst a closed circuit is often a loop consisting of 
screens or particle size separators. With this equipment in the closed circuit, it can recycle 
the insufficiently comminuted particles back to the mill. Open circuits are generally not as 
common due to less control over product size distributions. 
Closing the circuit results in a considerably finer charge being produced due to the 
increase in hold-up of the slurry in the charge. This evidently can lead to slurry pooling, not 
only due to the increased flow but also to the charge becoming the controlling factor in the 
maximum possible slurry discharge rate. Careful consideration of the discharge limitations 
is required when converting from an open to a closed circuit, it can lead to large reductions 
in efficiency if not adapted appropriately (Powell and Valery 2006). 
1.2 Transport  
SAG mills tend to be operated with a controlled feed ratio of water and ore. The reason for 
this is the dilution of the fines in the mill and the volumetric flow of the slurry have a 
significant effect on mill performance. The fine ore particles and water form a slurry which 
is significantly more efficient than air at discharging comminuted particles from the mill.  
This reduces energy consumption by limiting the production of overly fine particles 
(“slimes”) which often lead to downstream complications, such as being notoriously difficult 
to separate. It is important to maintain optimal levels of slurry within the mill. If the charge 
is not laden with slurry, fewer collisions between larger particles will interact with the 
smaller suspended particles and hence limit grinding efficiency.  
1.3 Slurry Pooling 
The slurry fills the charge from the shoulder down to the toe. Once the slurry has ‘filled’ the 
charge region, it overflows to form a pool at the toe  (Latchireddi and Morrell 2003). Filling 
of the charge is outlined in the Figure 2:  
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Figure 2 Slurry Pooling (Powell and Valery 2006) 
This reduces impact efficiency as the cascading material impacts the pool, rather than the 
solid toe of the charge. Compounding to this, there is reduced attrition in the shearing 
layers due to the dilution of the slurry. The dilution has the effect of lowering the viscosity 
and consequently lowering the mill efficiency (Powell and Valery 2006). The pool also 
produces a counter-torque in the mill that results in a reduction of mill power.   
An excess of slurry in the mill, from effects such as flow-back, can result in slurry pooling. 
This pooling effect also leads to increased internal wear and lower capacity of the mill 
(Latchireddi and Morrell 2003).Closed circuit, low aspect mills, which are usually found in 
South Africa, are more susceptible to slurry pooling. This is due to being run in a closed 
circuit as a RoM SAG mill, as well as operating at high speeds (~85%).  Alcoa Bauxite 
Mine was one such mine where it was claimed that by removal of the slurry pool, a 20% 
increase in throughput was achievable (Morrell and Latchireddi 2000). A survey of the mill 
confirmed that there was a 20% decrease in efficiency compared to a standard SAG mill, 
treating the same ore.  This paper concluded that improved discharge would remove this 
efficiency gap and reaffirmed the need for adequate discharge.  
1.4 Current Model 
The JKMRC SAG Model has been adapted periodically over the last 40 years with some 
in-house enhancements however the current published model has various limitations and 
lacks full mechanistic understanding of the process.  
The current model has limitations in the following areas: 
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 It lumps transport through the mill charge, discharge out the grate, flowback and 
discharge out of the pulp chamber all into one discharge function. 
 It does not accurately represent discharge and product size distribution for 
apertures and pebble ports.  
 It does not yet include pulp lifter performance, which has a substantial effect on 
discharge rate, as explored in the thesis by Latchireddi (2002).  
 Although mostly accurate inside the scope of its collected data sets, it becomes 
highly inaccurate outside the range (i.e. the model uses many empirical 
relationships rather than mechanistic). 
 It requires calibration to accurately model a specific mill, and even then it is only 
accurate within a limited range.  
The current model is accurate if set-up with great attention to accuracy and care within the 
correct model limits for the parameters. Its success relies heavily on industry data, with 
calibration to operating data and a few key assumptions, without which the model fails.  
Mechanistic and mathematical equations require development so as to improve the use of 
the current empirical relationships that are reliant on iteration loops and fitting to industry 
data.  By advancing the understanding of the underlying principles a more mechanistic 
model can be constructed. This will allow a more robust model that can operate over a 
larger range of conditions. An accurate mechanistic model will be more reliable and 
predictive while requiring less data collection.  
1.5 Knowledge Gap 
The literature exposed a clear lack of previous research on the influence and performance 
of grate/pulp lifter design in AG/SAG mill discharge. The current understanding from the 
literature lacks knowledge of size distributions and its effect on discharge through the grate 
at various aperture sizes and radial position. It also indicates that, in order for 
understanding to advance in a meaningful way, a more mechanistic approach must be 
taken to modelling these principles. There is currently no accepted pilot scale test 
methodology to explore grate discharge.  
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1.6 Research Questions 
From the literature review produced thus far, it is clear that there is a gap in knowledge 
within SAG/AG discharge and transport modelling. The functions at the current time have 
the limitations discussed in the previous sections. 
Through the literature review, the following research questions have been developed: 
Is it possible to describe both the discharge rate and particle size distribution of a mill 
product, based on its operating conditions, contents and grate arrangement? 
Can the discharge be predicted using the following key variables? 
 Mill filling 
 Mill contents, or particle size distribution within the mill 
 Percentage solids  
 Percentage ball 
 Ball-to-rock ratio 
 Flow-rate through the mill 
 Mill dimensions  
 Mill speed  
 Rheology  
 Grate and Pulp lifter design 
 
Some of these variables have been identified previously (Leung (1987), Larbi-Bram (2009) 
Latchireddi (2002) Apelt (2007)). 
By exploring the aforementioned research questions, the outcomes should prove 
beneficial to the field of research by improving the current understanding of SAG/AG 
discharge, as well as the model itself, which has demonstrated numerous practical 
benefits to the industry. 
1.7 Hypotheses  
This thesis sets out to test the following hypotheses: 
1. Improvements in the understanding of the current AG/SAG mill discharge 
mechanisms relating to radial position, mill filling and ball charge can be derived 
through large scale batch pilot mill experiments by exploring the governing aspects 
of grate discharge and classification. 
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2. Flow through the grate and its classification can be predicted knowing the mill 
conditions and parameters. 
3. Careful batch experiments can capture the discharge function of SAG/AG mills by 
separating it from transport through the mill.  
1.8 Aims  
The thesis aims to improve the current understanding of AG/SAG discharge modelling 
using a range of experiments to explore the mechanisms of mill discharge. The major goal 
of this thesis is to provide further knowledge of the mill discharge function, specifically 
relating to mill filling as well as grate design including position and size of apertures and 
pebble ports.  
1.9 Objectives 
The overall objective of the thesis is to develop a methodology to accurately measure mill 
discharge.  The detailed objectives of the study are as follows: 
 To use a pilot mill to explore the effects of mill load composition, mill filling, speed 
and slurry conditions on mill discharge mechanisms and their interrelationships  
 To quantify the effects of mill filling, load contents, speed, and grate design on mill 
discharge. 
 To explore the relationship between grate discharge and pebble ports in a pilot 
scale mill.    
This thesis provides a detailed understanding of mill discharge in respect to mill design 
and operating conditions.  This has been accomplished by proposing and implementing a 
procedure for studying mill discharge using a 1.8m SAG/AG pilot mill.  
 
1.10 Contributions to Knowledge 
The subject matters that comprise the original contributions to the field of knowledge are 
aimed to be: 
- New experimental methodology that isolates the discharge functions from 
transport in mills. 
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- Improved relationships for flowrate and classification through SAG/AG grate 
based on mill conditions.  
- A methodology to relate discharge capacity and size distribution to grate design 
and layout of openings which will provide a base for new models and/or 
improved model predictions.  
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1.11 Thesis Outline 
Chapter II: Literature Review  
This chapter contains a critical review of existing literature on SAG/AG discharge with a 
focus on grate discharge, pilot plant test procedures and current modelling capabilities.  
 
Chapter III: Experimental Approach and Materials 
This chapter has a detailed outline of the materials and the procedure used for lab and 
pilot scale tests. It includes the development of the test procedure as well as final test 
procedures for exploring aperture, pebble port discharge as well as flow visualisation tests.  
 
Chapter IV:  Aperture Discharge  
Chapter V: Pebble Port Discharge 
Chapters IV and V present the results of the aperture and pebble port test programs 
respectively. The discharge results are analysed to confirm the statistical significance of 
the variables and develop relationships for discharge and classification by the grate. The 
analyses were evaluated for their ability to fit the experimental data. 
 
Chapter VI: Combined Regression Model 
Chapter VI presents a combined discharge model for aperture and port; discharge rate 
and classification for a 1.8m pilot mill.  
 
Chapter VII: Conclusions and Limitations  
Chapter VII summarises the results and limitations of the thesis. It outlines the findings and 
applications of the results. 
 
Chapter VIII: Recommendations for Future Work 
Chapter VIII proposes recommendations for further work and the limitations of the current 
literature.    
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2 Literature Review 
A literature review has been undertaken to understand general SAG/AG mill operations; 
transport and discharge; key process variables; discharge and transport models for SAG 
mills. By developing an in-depth understanding of previous literature it is possible to 
expand on this knowledge to achieve the aims and objectives as discussed in the 
introduction.  
Grate discharge and pulp lifters presently have limited published literature despite their 
importance to slurry removal from the mill. The literature is particularly limited in respect to 
mechanistic relationships for both the overall discharge flow through the grate and product 
size.  Regulating slurry discharge from a mill is vital to maintain optimal grinding conditions 
within as well as producing the desired product.  
2.1 Discharge 
 
The discharge of a mill is controlled mainly by the grate and pulp lifters. It is also highly 
influenced by mill filling and to a lesser extent speed, ball charge and mill conditions  
The discharge of the mill is reliant on many factors. Some of the major process variables 
are outlined: 
1. Grate  : Open area, angle, pebble gates, and the number, size and 
position of holes 
2. Mill Filling: Total filling (hold up), water ratio, ball charge, size of balls 
and charge to ball ratio 
3. Mill Speed: As a percentage of critical speed 
4. Mill content: Viscosity, contents size distribution, ore hardness 
5. Pulp Lifters: Types and size of lifters 
 
The process schematic (Figure 3) outlines the main functions occurring in a SAG mill: 
Page 10 
 
 
Figure 3 Schematic of flow processes in SAG mills 
 
Literature on AG/SAG mill discharge is limited, however the exceptions are the works by 
Moys (1986), Morrell and Stephenson (1996) and Latchireddi and Morrell (2003).  Morrell 
and Stephenson (1996)  and later Latchireddi and Morrell (2003) investigated the effects of 
hold-up, speed, media, open area and radial position on discharge. The key difference 
being the latter was investigating these effects in relation to pulp lifters and went more in 
depth in  relation to charge filling. 
Both investigations used mill lab scale tests (0.3m by 0.15m) and the latter pilot scale 
(1.0m by 0.5m) experiments. The tests only used water and hence did not attempt to 
measure realistic size distributions in the mill or in the products. Although these works 
have provided valuable insites into discharge, further work is still required to be carried out 
on realistic mill loads and conditions. 
Morrell and Stephenson (1996) work led to the proposed relationship of discharge outlined 
in equation 2.1: 
 
𝑱𝒑 = 𝒌𝑸
𝒂𝜸𝒃𝑨𝒄𝝓𝒅𝑫𝒆 2.1 
 
 
Where, 
𝐽𝑝 is the fractional slurry hold-up 
D is the mill diameter (m) 
A is the total area of the grate apertures (m2) 
 
Mill 
Shell 
Grate Pulp 
Lifter 
Mill 
Discharge  
Flow-
back 
Carryover 
Feed 
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Φ is the fractional speed 
Q is the volumetric flowrate out of the mill (m3/hr) 
𝜸 is the relative radial position 
The equation was then fitted empirically to industrial data and is currently used in the 
JKSimMet AG/SAG model. Although its relationship is adequate it still provides no insight 
into product size distributions or the actual mechanisms behind the discharge parameters.   
2.1.1 Discharge Grate 
The discharge grate at the end of the mill has apertures to allow the product size material 
to flow through whilst retaining grinding media and oversized material. These apertures, 
usually a range of sizes and pebble ports (i.e. large apertures) are used to allow large and 
intermediate sized rocks to be discharged.  
The total open area (i.e. size/number of apertures) and the relative radial position 
(apertures positioning) are the two key factors in grate configuration. 
Grates over time become worn which leads to an increase in size of pebble ports and 
apertures. Small amounts of wear can results in large increases in open area (Powell and 
Valery 2006). 
2.1.2 Grate Configuration 
2.1.2.1 Open Area 
Grate open area is an important consideration in grate design. As open area increases so 
does discharge rate assuming there is constant slurry level in the mill. The open area is 
often limited, as increasing the open area drastically increases flowback from pulp lifters. 
Mills operate traditionally in the range of 2-12% open area (Napier-Munn and Wills 2011).  
As open area increases the flow into the pulp lifter chamber also increases. The overall 
discharge is however then limited by discharge capacity of the pulp lifter chamber and the 
effects of flow back (Latchireddi 2002).  
Latchireddi’s work showed that the open area had a small effect on discharge for grate 
only mills. His tests used three grate open areas being 3.67%, 7.05%, and 10.1% with only 
a marginal increase in mill hold up for the lab scale tests. The exception of this was once 
the charge was saturated a pool was formed at the toe of the charge. Once this effect had 
occurred the larger open area resulted in a greater discharge rate.  
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2.1.2.2 The Relative Radial Position  
The radial position of the grate apertures have been proven to have a critical influence on 
pulp discharge capacity by Morrell and Stephenson (1996).  
Morrell and Stephenson (1996) quantified the average radial position of all the apertures to 
find a mean position of all a grates apertures. This is quantified by the relative radial 
position (equation 2.2) and is a number used to assess how close to the periphery of the 
mill the open area is positioned. 
      
𝑹𝒆𝒍. 𝑹𝒂𝒅𝒊𝒂𝒍 𝑷𝒐𝒔𝒏 =  
∑ 𝑨𝒊𝒓𝒊
𝒏
𝒊=𝟏
𝑨𝒕𝒐𝒕𝒂𝒍
𝑋 
𝟏
𝑹𝒎𝒊𝒍𝒍
 
2.2 
Where,  
Rmill is the mill radius inside the liner   
ri is the radial distance to the centre of each slot 
Atotal is the total open area 
Ai is the area of slot i  
 
More discharge is observed the further the holes are from the centre due to an increased 
pressure head on the slurry as well as the increased number of apertures exposed.  
However the previous literature as described above has been solely used to describe total 
discharge from mills and does not quantify the product size distributions for differing radial 
apertures. This assumes the radial position relationship is linear however this has never 
been validated. It also fails to account for apertures which experience no discharge (i.e. 
apertures not in contact with the mill charge) which should mechanistically have no effect.  
Another key limitation to the tests is that they have only been conducted with water and 
models (such as JKSimMet) assume an even product size distribution from all apertures. 
There is currently no literature on this topic of radial position and its effects on discharge 
product distributions. This is a key area for further research for investigating mechanistic 
modelling.  
 
2.1.3 Pebble Discharge 
Pebble ports are typically in the size range of 40mm-100mm (Napier-Munn and Wills 
2011) which allow increased throughput of a mill. As a result of pebble ports the discharge 
capacity of the mill must be able to handle the increased volumetric flow due to not only 
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the increase in small and large particles but a large increase in middlings (15-30mm).  
Discharge capacity rates becomes the limiting factor as the fraction of pebble ports 
increases.  
In closed circuits, pebble ports are used to aid in transport through the mill and reduce 
overgrinding. If pebble ports are present it is common to have a pebble crusher followed 
by a recycle stream to the mill feed.  Although this is not always the case and sometimes 
just a recycle stream is present without the crusher. Another benefit of this is the easy 
removal of ball scats from the pebble recycle belt. The removal of ball scats (which are 
non-spherical ball fragments) has been shown to increase throughput in mills up to 10% 
(Powell and Smit 2001). 
In the case of large open circuit and RoM SAG mills, pebble discharge rate is very 
important. In many cases all of the apertures are used as pebble ports whilst open area 
stays below 10%.  Its stated that the throughput of the mill can be increased by upwards of 
50% through maximizing pebble discharge (Powell and Valery 2006).  
This is achieved only if the downstream processes and the mill are capable of maintaining 
the increased rate. One trial showed that an increase from 20% (no ports) pebble 
production to over 100% (all ports) with an open area increase of 7.6%. For this example 
(Powell and Valery 2006) the limiting factor was the pebble conveyer capacity which was 
overloaded above 65%.  With the dramatic increase in flowrate the strain is then placed on 
the pebble crushers, recycle streams and screens.  
Pebble ports have the effect to increase discharge from the mill providing the pulp lifters 
have adequate capacity. However the effects of the discharge size distribution has yet to 
be separated from other mill operating conditions such as mill contents and filling.  
Modelling in this area again is mainly focused on overall discharge flows from grates. 
There is no current literature that has quantified the effects of pebble port discharge based 
on port position and size with stable and known mill operating conditions (such as in a pilot 
mill). In current models the discharge size distribution is generally estimated mainly based 
on predicted mill contents size distributions and grate size. The estimation is found by 
iteratively fitting to empirical data till a ‘reasonable’ solution is found based on the total flow 
from the mill. This has been identified as a key area for improvement within the JKSimMet 
model (Bailey, Lane et al. 2009). 
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2.1.4 Ball Charge 
Latchireddi (2002) work provides an insight into the effects of ball charge on mill hold up 
using lab and pilot scale mills. This work indicates ball charge has a considerable effect on 
the transport and discharge of the slurry through the mill.  
Shown in Figure 4 (Latchireddi 2002)  where mill hold up is compared to the ball charge. 
 
Figure 4 Influence of grate open area on hold-up at different charge volumes in a small 
scale mill (Latchireddi and Morrell 2003) 
As shown (Figure 4) the charge plays a significant role in mill hold up. As ball charge 
increases so does the fractional hold up within the mill. It should be noted though that 
since these tests were run exclusively with water and not slurry the charge within the mill is 
made up of only media. With no ore present charge filling is directly proportional to the 
number of balls within the mill. As the mill fills, the charge is laden with slurry filling from 
the top of the charge to its toe. Once the charge is saturated a pool forms at the toe. So in 
respect to these experiments as charge increased so did its capacity to hold slurry (or 
water in this case) and hence lead to increased hold up. These experiments indicate that 
ball charge has a significant effect on mill hold up and even a greater effect than grate 
open area. However this could be due to the test conditions using water instead of a full 
mill distribution where the larger rocks and slurry would also contribute to the charge. 
The overall effects have been observed in full scale operations however the mechanisms 
have yet to be investigated and fully understood. In RoM mills less ball load has been 
observed to increase the throughput while producing a coarser grind. There is however a 
counteracting effect that drops the throughput and produces a finer product as the balls 
form a large fraction of the load and becomes a “RoM Ball mill” as described in Powell, 
Morrell et al. (2001). This phenomenon has yet to be fully investigated. 
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The fractional ball filling in a SAG mill has a large influence on discharge capacity. The two 
ends of the spectrum and their effects can be observed when comparing AG milling to 
operating in RoM ball mill mode (no ball charge to a fraction of 0.8 total charge). Figure 5 
shows the same mill operating in RoM Ball mode (Top Left) and AG mill (Bottom Left). 
From this it is seen that even with an increase in feed the RoM ball mill mode has a dry 
charge surface when compared to the pooling and stickiness of the AG mode. (Powell and 
Valery 2006) 
 
Figure 5 Mill operating as a primary RoM ball mill (top) and AG mill (bottom). The left images 
are the same mill (Powell and Valery 2006) 
 
2.1.5 Mill Hold Up 
The mill hold up is the balance of the feed input, ball charge and the discharge rate of the 
mill. The effects of mill hold up have been investigated however very little has been done 
on modelling the effects. Mill hold up increases with increased feed flowrates however it 
has been shown to increase dramatically when slurry pooling occurs. (Latchireddi and 
Morrell 1997) 
The work of Morrell and Stephenson (1996) and Latchireddi (2002) both investigate mill 
hold up as a response variable. Morrell and Stephenson (1996) relates hold up as a 
function of flowrate out of the mill, aperture radial position, grate open area, mill speed and 
diameter (as described in equation 2.1).  However this equation has been fitted empirically 
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to full scale operations and is not a full description of the problem. The discharge 
coefficient still absorbs the uncertainty of mill operating conditions such as pulp lifter, 
media and size distribution effects. 
The higher the total mill filling results in an increase in particle reactions however the hold 
up in the mill significantly increases the residence time of the ore. The throughput is 
dependent on residence time as well as the increased mill load and the particle 
interactions. This results in finer product which is well suited for single-stage mill to product 
or RoM mills.  (Powell, Morrell et al. 2001) 
It is common practice to run SAG mills at maximum power draw which theoretically allows 
the maximum transference of energy to the charge. This is done by increasing the mill load 
to the point where the power draw begins to drop and then slightly reduce the feed rate. If 
the power drops again the feed is increased and decreased as required to maintain the 
highest maximum power draw.  
Mill charge is often overlooked as a key aspect of mill holdup and discharge. Mwansa, 
Condori et al. (2006) states that the physical composition of the charge has a significant 
influence on the resistance of the flow throughout the mill. As shown by the section 2.1.4 
above ‘Ball Charge’ the flow resistance is vastly different between ball and AG mills. 
Dramatic changes can be observed in slurry hold up when an open circuit is converted to 
closed even at relatively low recirculating loads (10%), this is believed to be due to 
transport phenomena’s within the mill.  
2.1.6 Mill Speed 
Mill speed has major effects on the breakage in the mill as well as the discharge. The 
breakage obviously leads to a finer or coarser product which results in a change of 
discharge through the apertures. Mill speed also has a significant effect on the charge in a 
mill. It affects the porosity, its shape and its circulation trends. 
Work by Govender and Powell (2006) investigated circulation rates, shape charge and slip 
between charge layers using 3D trajectory data.  
  
Page 17 
 
Their results indicated the circulation rate can be estimated using the equation below: 
 
𝑪 =  −𝟎. 𝟎𝟏𝑵 + [
𝟏
√𝟏 − 𝜶
+ 𝟏] 
2.3 
Where, 
𝐶 is the recirculation rate 
N is the percentage critical speed (50-90%) 
𝛼 is the fractional filling (0.15-0.5) 
This equation was found to give a good estimate within practical speed ranges and fillings. 
Their findings for the charge shape found the shoulder of the charge could be predicted 
very well using the Morrell power equation however the toe angle was less accurate. 
The research also explored ‘degree of slip’ within the charge. This is important in terms of 
abrasion in the mill and also gives insight into the charge shape and how charge motion 
could influence discharge.  The work quantified the slip by: 
1. Finding an average tangential velocity of a particle at each radial position 
2. Normalised the tangential velocity relative to the mill  
3. Normalised the radial positions of the particle (by dividing by mill radius 
4. Identified the distance from the mill centre at which the charge tangential velocity is 
zero (CoC) (often distance is normalised to mill radius) and separated the velocities 
above and below this radius.  
5. Using these points found, a least squares straight line fit to the normalized 
tangential velocities against the normalised radial positions. The slope of this 
straight line gives a measure of the degree of slip 
Govender and Powell (2006) measured this at various mill speeds and described the 
‘degree of slip’ using equation 2.4: 
𝑫 = 𝟎. 𝟎𝟏𝟒𝑵 + 𝟏 2.4 
Where, 
𝐷 is the degree of slip 
N is the percentage critical speed (50-90%) 
 
This could prove to be useful when assessing charge shape and any possible relation 
between mill charge velocity and its effects on discharge.  
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Critical speed also has a large influence on a pulp lifter chamber and its efficiency. It 
affects the pulp lifter discharge as well as flowback and carryover. Within normal operating 
conditions the faster the mill operation results in an increase of carry over whilst also 
decreasing flowback. 
Latchireddi and Morrell (1997) have shown that the optimal speed for discharge is in-
between 52%-88%.  This is due to the two counteracting effects (Morrell and Stephenson 
1996): 
1. Increase in speed results in increased lifter discharge capacity 
2. Increase in speed also results in increased centrifugal forces hence carryover 
(80%+) 
This has been demonstrated in other work such as Morrell and Stephenson (1996) and 
Songfack and Rajamani (1999). Other reasons stated for the increase in mill hold up due 
to mill speed (all else being consistent) include dynamic porosity of the tumbling charge 
and increased voidage.  
Lower speeds have also been observed to favour a finer product (mainly in the 70-100um 
region). The reason for operators preferring to operate at low speed could be due to this 
effect (Powell 2001). 
 
2.1.7 Pulp Lifters 
Latchireddi and Morrell (1997)’s research shows that pulp lifters are a key driver for mill 
discharge. The goal of the pulp lifters is to produce maximum discharge rates by limiting 
carry over and flow back. The type and size of lifters are the two main factors that control 
pulp lifter discharge.  
2.1.7.1 Pulp Lifter Size 
The effect of the size of the lifters was very evident in (Latchireddi and Morrell 1997). The 
work compared a range of lifter sizes over a number of rotational speeds. An increase in 
the width of the lifters yields a larger discharge rate. The work compared the pulp lifter 
experimental data to that of grate only discharge which was taken as the ‘ideal’ operational 
point as grate only has no flowback or carryover.   
The findings concluded the increase in discharge was due to proportionally there is less in 
contact with the grate. Also the larger area allows more discharge with each rotation. 
There was a limiting capacity beyond which it could not discharge any more regardless of 
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the hold up in the mill. It was also noted that no size could match the discharge of the 
grate only mill. 
Although in recent years there has been additional research in this area, there is still a 
distinct lack of mechanistic description of the process. Further work has been done using 
computational modelling such as the work by Rajamani (2003), Royston (2004) and 
Weerasekara and Powell (2014). Computational models have great potential and so far 
support the findings of previous work by Latchireddi (2002) and will prove to be valuable in 
simulating discharge mechanisms in the future. 
 
2.1.7.2 Type of Pulp Lifter 
 
There are conventional types of pulp lifters such as radial and spiral (curved), shown in 
Figure 6.  
 
Figure 6 Radial (left) and curved (right) pulp lifter 
 
In literature spiral lifters have been shown to be more effective at discharging slurry than 
their radial counterparts. This was also confirmed in research by Latchireddi and Morrell 
(1997) which compared the two against a grate only discharge SAG mill. They did this 
using a pilot plant scale SAG mill (1m diameter and 0.5 Length). The two lifters were 
tested at various speeds and compared to the “ideal” discharge rate of a grate only mill. 
These results are shown in Figure 7.  
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Figure 7 Radial and curved pulp lifter performance comparison (a) 70% and (b) 89% critical 
speed(Latchireddi and Morrell 1997) 
The results in literature showed that curved pulp lifters were more efficient. This was likely 
attributed to earlier discharge of the water which limits flow back and carryover. However, 
this discharge rate still did not match that of the grate only design which indicates that 
there are still inefficiencies and flow back occurring. These findings were then supported 
by results by Royston (2004) who studied the principals of charge flow mechanisms in pulp 
lifters.  
Twin chamber pulp lifters were recently developed and have shown superior mill discharge 
in some industrial mills (Latchireddi 2002). They achieve this by not allowing constant 
slurry contact with the grate by using a transition chamber and a collection chamber 
illustrated in Figure 8: 
Page 21 
 
 
Figure 8 Schematic of TCPL (Latchireddi and Morrell 2006) 
The flow rate of this type of pulp lifter achieved almost the same discharge as grate 
discharge. They have several advantages such as; eliminating backflow; the mill can 
operate at near maximum flow capacity at any operating conditions; dependency from 
grate design and charge in the mill; can be precisely designed to handle required flow 
capacity at a design stage. Implementing this over traditional lifters has proven to be 
approximately 15-20% more energy efficient whilst increasing mill throughput (Latchireddi 
and Morrell 2006).  The major drawback to this design is the mill can only be operated in 
the designed direction (clockwise or anti-clockwise). 
2.2 Modelling Transport and Discharge 
To developed a mathematical model for a process a complete understanding of that 
operation must be required (Mutambo 1992). A model’s complexity will be normally 
dependant on the complexity of the process being represented (Gault 1975).  Modelling 
milling processes can be divided into two different techniques being non-mechanistic 
(empirical) and mechanistic.  
Within non-mechanistic models two types have been commonly explored, being; the 
energy-size approach; and the statistical approach.  
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The first models developed for comminution processes were based on the concept of 
energy-size reduction relationships. This approach still is the most commonly used for 
estimations of power requirements of new plants. However it has two key limitations which 
are: 
1. It lacks the capability to predict the product of a comminution process even when 
the energy input to the process is known (Wickham 1972) 
2. It lacks the insight into variable energy utilisation in the breakage for individual size 
fractions under different feed conditions (Stanley 1974) (Austin, Klimpel et al. 1984). 
The statistical approach formulates their mathematical models using empirical 
relationships derived from statistical analysis of data.  These models have been proven 
accurate at producing product predictions however they require large quantities of high 
quality data (Wickham, 1972; Stanley, 1974). Another limitation of these models are that 
they are very site specific (Lynch and Bush 1977) (Napier-Munn and Lynch 1992). Since 
they do not consider the mechanisms of the process this leaves the models with no 
inherent scale-up ability and hence are only valid in the range of data used to formulate 
them.   
Mechanistic models are more robust and versatile than their counterparts; they consider 
the mechanisms that take place within the mill. Fully mechanistic mill modelling would be 
the ideal model for the industry however as mentioned above the process is complex and 
the corresponding model would have to be incredibly complex. These models are 
potentially very powerful as they are realistic representations of the process and are 
capable of extrapolation (Napier-Munn and Lynch, 1992). A combination of mechanistic 
and non-mechanistic has proven to be useful in JKSimMet based on the Leung, Variable 
Rates models.   
 
2.2.1 Mechanistic Modelling  
The basic concept for the mechanistic models of SAG/AG mill is to determine a mill load 
distribution based on the mechanisms of particle collisions and breakage (Epstein, 1948). 
This idea has been used to formulate the models known as the matrix, kinetic and perfect 
mixing models (Wickham (1972); Stanley (1974); Gault (1975); Lynch (1977); Whiten 
(1974), 1974).  
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The subsequent paragraphs give a brief overview of these models (fuller explanations can 
be found in the original works or in Mutambo (1992)).  
The matrix model considers the process as a succession of breakage events, the feed to 
each event being the product from its predecessor.  The longer the grinding in the mill the 
greater the number of events hence greater size reduction.  The basic concepts and ideas 
proposed by Epstein (1948) have been used by others such as Broadbent and Callcott 
(1956) with the addition of a material transport mechanism described by a classification 
function to develop their mill matrix model.  The limitations of this approach are it assumes 
all size fractions in the mill have the same residence time (Jowett 1971) (Stanley, 1974). 
The kinetic model considers the process to be continuous and the longer the period of 
grinding the greater the size reduction. Loveday (1967) proposed the process to be a rate 
process and used a basic first order rate phenomenon. The time element of this model has 
allowed it to be suitable for dynamic simulation (Stanley, 1974). This approach uses batch 
grinding equations to simulate a continuous system.  This and the assumption of first order 
rates are two criticized aspects of the model by most experts (Mutambo 1992).  
Derived by Whiten in 1974 the perfect mixing model combines the matrix model and the 
direct time dependent solution of the kinetic model.  This model assumes the mill to be a 
perfectly mixed segment (Stanley, 1974; Lynch, 1977) giving the obvious limitation of 
modelling transport within the mill. The inclusion of the mill contents in this model has 
proven to be suitable in modelling and simulation of AG/SAG mill behaviour (Stanley 
(1974); Leung (1987)) as well as for pebble and ball mills (Wickham (1972); Narayanan 
(1985)) 
The perfect mixing model at steady state provides the structure to combine the various 
components of the model. It relates the different parts in the following manner: 
𝟎 = 𝒇𝒊 + ∑ 𝒂𝒊𝒋
𝒊
𝒋=𝟏
𝒓𝒋𝒔𝒋 − 𝒓𝒊𝒔𝒊 − 𝒅𝒊𝒔𝒊  2.5 
𝒑𝒊 = 𝒅𝒊𝒔𝒊 2.6 
 
Where, 
fi is the mass flow rate of size fraction i in the mill feed 
pi is the mass flow rate of size fraction i in the mill discharge 
si  is the mass of the size fraction i in the mill load 
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ri  is the breakage rate of size fraction i 
aij is the appearance function – fraction of broken particles from size fraction j into 
size fraction i 
di is the discharge rate of size fraction i  
 
 
2.2.2 Previous Models 
Previous models have been discussed in depth in previous research works. Below is a 
quick overview of some models after 1972, refer to  Walter Valery,  Jnr’s thesis (Valery 
1998) for an in-depth review.  
Wickham (1972) 
This was the first AG/SAG model to implement the perfect mixing equation (Whiten 1974). 
Although it only included a simplified matrix form which ignored both load and discharge 
rate. Its key features were it implemented two distinct appearance functions (impact and 
abrasion) but did not take into account variations in ore characteristics.   
Stanley (1964) 
Stanley incorporated the full perfect mixing equation by the use of surveys on both 
industrial and pilot scale. This work included granulometry however did not use an ore 
specific appearance function. The two mechanisms of breakage, abrasion and impact, 
were combined which allowed a transition between the two functions.  From the pilot plant 
data discharge and classification terms were modelled. Breakage rates were back-
calculated and related to mill operating conditions.  
Gault (1975) 
Gualt adapted Wickham’s model to develop a simple dynamic model. It still contains the 
limitations of the Wickham model.   
Austin et al (1977) 
This model was based on the kinetic equation. It uses the mean residence time of the 
particles within the mill to correlate the batch grinding conducted in the laboratory to the 
performance of pilot plant and industrial mills. 
Weymont (1979) 
Introduced ore specific appearance functions and breakage rates based on a standard 
laboratory test. Classification and mass transfer mechanisms were considered in the 
discharge function. Mass transfer mechanisms were modelled with an empirical 
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relationship while the classification was taken as an ideal classifier. This model was 
designed to simulate the operation of industrial mills.  
Duckworth (1982) 
Duckworth’s research resulted in the development of a dynamic model to control the 
operation of AG/SAG mills based on Stanley’s model. This model still has the limitations of 
its predecessor.  
Barahona (1984) 
This model advanced Weymont’s model beyond ideal classification by conducting pilot 
plant mill tests to parameterise the grate. Also improved in this model was the mass 
transfer relationship by taking into account the water contained in the mill feed.  
Chen (1985) 
The breakage was split into three functions over the more common two. The three types of 
fragmentation developed were based on self-impact breakage, media breakage and 
abrasion, each with specific equations. The appearance function were however fixed or 
back-calculated. Markov’s chain representation was used to stabilise the three equations.  
It uses a “reasonable filling” within the interactive mode compared to the calculated load. 
(No industrial application was published) 
Leung (1987) 
Leung utilizes the full perfect mixing model equation with the added Barahona’s mass 
transfer empirical relationship. Developed ore-dependent appearance functions (impact 
and abrasion). The impact and abrasion functions were derived from the twin-pendulum 
device and a standard tumbling test respectively. Although the set of data collected 
allowed average values to be established, breakage rates were mill/ore dependant thus 
required fitting to be accurate.  
Morrell and Morrison 1989 
Used extensive work carried out on industrial mills in order to incorporate a 
phenomenological mass transfer relationship to Leung’s model. This lead to the 
development of the variable rates model by Steve Morrell as discussed in the section 
‘improvements to Leung’s model’. This model still has the limitations of the Leung model 
but the fitting allows less error in the final results.  
Mutambo (1992) 
Mutambo attempted to correlate fitted breakage rates to the mill operating conditions and 
derived parameters. The model used an extensive range of pilot plant and industrial mill 
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surveys where the load granulometry had been experimentally determined. This lead onto 
the construction of the variable rates model by Steve Morrell.  
2.2.3 Discharge Functions 
The discharge rate function is modelled in a similar manner for most models by using a 
discharge rate constant (d) and a size dependent classification function.  Lynch and 
Morrell (1992) uses the following equation to model the discharge rate function: 
𝒅𝒊 = 𝒅𝑪𝒊 2.7 
 
Where,  
di is the discharge rate for size class ‘i’ 
d is the discharge rate constant (h-1)  
Ci is the classification function value for size class ‘i’  
 
This is then used to relate back into the perfect mixing model (Whiten, 1974) by the earlier 
equation: 
𝒑𝒊 = 𝒅𝒊𝒔𝒊 2.8 
 
This equation relates the mill load and the mill product.  
Other forms of the discharge rate function have been used such as Wickham (1972); 
Stanley (1974) and Austin, Menacho et al. (1987) which are briefly described below 
respectively. 
Wickham’s relationship for mass transfer is as follows: 
𝑫 = 𝑻𝑷𝑯 ∗ 𝑫′ 2.9 
 
Where,  
D is the discharge rate function  
 D’ is the diagonal matrix, constant for a given pebble mill and ore combination 
 
This assumes the shape of the discharge rate function to be constant. 
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Stanley (1974) used the basic discharge rate from the perfect mixing model and added a 
classification function to this. He used two equations based on the grate size as below: 
𝐝𝐢 = 𝐝𝐦𝐚𝐱  for x
′ ≤ xdmax 2.10 
  𝒅𝒊 = 𝒅𝒎𝒂𝒙 ∗
(𝒙′ − 𝒃)𝟐 ∗ (𝟐𝒙′ − 𝟑𝒂 + 𝒃)
(𝒃 − 𝒂)𝟑
 for  xdmax < x
′ < xg 2.11 
To calculate 𝑑𝑚𝑎𝑥 an empirical regression equation is used. 
Austin, Menacho et al. (1987) modelled the system as an ideal classifier with an internal 
recycle stream. Classification was only assumed for the particles smaller than the grate 
aperture size.  From the derivation, equation 2.12 was developed as a discharge 
relationship (Austin, Menacho et al. 1987, Mutambo 1992): 
𝑭𝒑𝒊 = 𝑭(𝟏 + 𝑪
′)𝒘𝒊(𝟏 − 𝒄𝒊) 2.12 
Where, 
 F is the fresh feed rate 
 𝑝𝑖 is the weight fraction of size ‘i’ in the product 
 C’ is the recycle ratio 
 𝑤𝑖 is the mass of size ‘i’ in the mill charge 
 𝑐𝑖 is the fraction of size ‘i’ material returned to the mill by the classification  
 function 
From this equation if the charge and product size distributions are known then the 
discharge rates can be calculated. Austin, Menacho et al. (1987) proceeded to do a 
number of pilot mill tests to analyse the size distributions within the mill to the product to 
derive a grate classification function (Mutambo 1992). Their work yielded the following 
function: 
𝒄𝒊 =  
𝟏
(𝟏 + (
𝒙𝟓𝟎
𝒙𝒊
)𝝀𝒈
 2.13 
Where,  
𝑥50 is the size at which half of the classified feed to the grate passes to the 
underflow (particle size for which 𝑐𝑖= 0.5)  
𝑥𝑖  is the upper size interval ‘i’  
𝜆𝑔is the characteristic parameter 
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An empirical relationship was used to describe the transport mechanism of the discharge 
rate and is outlined below: 
𝑳 = 𝒎𝟏𝑭
𝒎𝟐 2.14 
Where, 
L is the fraction of the active volume of the mill occupied by minus grate size 
material 
F is the total volumetric feed rate per minute divided by the active volume of the mill 
𝑚1and 𝑚2 are constants. 
The above equation relates the fraction of the active mill volume occupied by minus grate 
size material with the volumetric feed rate. The two constants were determined by 
experimental work. This equation has then subsequently been used by Weymont (1979), 
Barahona (1984) and Leung (1987) and its successors to develop SAG and AG mill 
models. 
Austin et al. (1987) continued to develop a more comprehensive transport relationship by 
incorporating several other parameters shown in the equation: 
𝒇𝒔
𝒇𝒔𝒐
= (
𝑭𝒗
𝑭𝒗𝒐
)
𝑵𝒎
 2.15 
Where,  
𝒇𝒔 =
𝑾(∑ 𝒘𝒌
𝒊𝒈 )
𝝆𝒔𝑽𝒄𝒔
 2.16 
 
𝒇𝒔 is the fraction of mill volume occupied by slurry 
𝑭𝒗 is the volumetric flowrate 
𝒇𝒗𝒐 =
𝒌𝒎𝛟𝒄𝑨𝒈𝑫
𝟑.𝟓𝑳
𝑫
 2.17 
 
𝑓𝑠𝑜 is the fraction filling giving flow rate Fvo  
𝑊 is the solids hold up mass 
V is the mill volume 
𝜌𝑠 is the solids density 
𝑤𝑘 is the fraction of W in size class k” 
ig is the size interval for grate size 
Ag is the fraction of grate which is open 
D is the mill diameter  
ϕ𝑐 is the fraction of critical speed 
𝑐𝑠 is the volume fraction of solids in slurry 
Nm, km are constants 
The work outlines the equation but gave no data to support it and is contradicted by 
Morrell and Stephenson (1996) whom have shown experimentally that the flowrate is 
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inversely proportional to mill speed. Also the equation lacks a relationship with mill load in 
which the hold-up is dependant. 
In the literature reviewed, the first mechanistic model for slurry flow, where grate design is 
incorporated, was developed by Moys (1986). Moys (1986) simplified the process by 
considering a stationary mill while considering the grinding media as a packed bed and 
grate as a series of orifices. The proposed equation was used to estimate the slurry hold-
up volume:  
𝑽 =
𝑬𝝅𝑹𝟎.𝟓𝑸
𝟖𝜷𝑲𝟐
 (( 𝟏 +
𝟐. 𝟓𝑳𝑲𝟏.𝟐𝟓
𝑸𝟎.𝟐𝟓
)𝟏.𝟔 − 𝟏) 2.18 
Where, 
𝑲 = 𝑪𝒅𝝅
𝟐(𝟏. 𝟓)−𝟏.𝟐𝑵𝒈𝜹𝟐𝑹𝟐.𝟓 2.19 
 
𝛿 is the grate hole diameter 
Ng is the holes/m2 evenly distributed  
𝜷 =
𝟏. 𝟒𝟔𝟑
𝑹𝟎.𝟓𝝆𝑲𝑸
 2.20 
𝑲𝑸𝛂
𝑫𝒃
𝟐𝑬𝟑
𝝁(𝟏 − 𝑬)𝟐
 2.21 
Db is the mean grinding media diameter 
E is the porosity 
𝜌 is the slurry specific gravity 
𝜇 is the slurry viscosity 
Cd is the orifice discharge coefficient 
Q is the volumetric mill discharge rate 
R is the mill radius 
L is the mill length 
 
2.2.3.1 Leung’s model  
 
The first model that provided useful predictions was the Leung model. It was the first 
model to incorporate ore-specific breakage functions obtained off-line using a laboratory 
test procedure. It was superseded by the Variable Rates model. The key to Leungs model 
was that although it was relatively simple it provides a good introduction to SAG mill 
modelling.  
The power model was added in 1992 developed by Morrel in 1991. However the power 
calculation is separate and not used in the breakage, mass transfer and classification 
functions. 
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The model uses the Whiten (1974) perfect mixing model and the mass transfer law 
developed by Austin et al (1977).  
A steady state simplified description for a perfect mixing model has been described by 
Whiten, 1984 and is given below: 
𝒇 − 𝑹. 𝒔 + 𝑨. 𝑹. 𝒔 − 𝑫. 𝒔 = 𝟎 2.22 
Where,  
 f is the feed rate 
 P is the product rate 
 R is the breakage rate 
 s is the mill contents 
 D is the discharge rate 
 A is the appearance function 
 
The mill grate is modelled as a very simple classifier. When the model was developed the 
relationship between the classification, discharge and the operating conditions was not 
well defined. Hence the classifier/discharge is assumed to be constant for that other than 
minus grate size hold up. A simple form is used: 
 
𝑫 = 𝟏 
 
for, 𝒙 < 𝒙𝒎 
 
2.23 
 
𝑫 =
𝒍𝒏(𝒙) − 𝒍𝒏( 𝒙𝒈)
𝒍𝒏(𝒙𝒎) − 𝒍𝒏 (𝒙𝒈)
 for, 𝒙𝒈 > 𝒙 > 𝒙𝒎 2.24 
 
𝑫 = 𝟎 
 
for, 𝒙 > 𝒙𝒈 
 
2.25 
Where,  
𝑥𝑚 is the particle size below which it will always pass through the grate if presented 
to it (fluid mechanics of water). 
𝑥𝑔is the size of the grate through which the largest particle will pass through.  
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Figure 9 Leung Model Classification 
The classification function (Figure 9) dictates that the fine particles (below 𝑥𝑚) follow the 
water and experience no classification i.e. maximum discharge, whilst the above particles 
larger than the aperture size experience classification.   
 
Discharge Rate 
The two mechanisms for the discharge rate are then described with a single equation. This 
equation states that the quantity of pulp discharge is dependent on the quantity per unit 
time presented to the grate multiplied by the classification function: 
𝒅 = 𝒅𝒎𝒂𝒙. 𝑫 2.26 
Where,  
𝑑𝑚𝑎𝑥 is the fraction of the load presented to the grate per unit time and D is the 
classification function.  
The required value of 𝑑𝑚𝑎𝑥 is found iteratively until the predicted load pulp satisfies the 
empirical mass transfer law (Austin et al, 1977) 
Mass Transfer “Law”  
Leung’s model uses Austin and others mass transfer law which is also shared with, 
Weymont (1977) and Barahona (1984).  Leung, using a larger data base than Austin et al, 
1977 estimated new values for 𝑚1 and 𝑚2 for equation 2.14.  The data indicated the 
values for 𝑚1and 𝑚2 both are 0.37. 
Leung’s model assumes the discharge rate is dependent on the level of the slurry in the 
mill. This is logical and most research works have agreed with this concept since the level 
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of the slurry in the mill is strongly dependant on the volumetric slurry flowrate relative to 
the mill volume (Austin, et al 1977; Lynch and Morrell, 1992) 
Calculation Sequence for Leung’s model: 
1. Calculate breakage rate 
2. Calculate volume of below grate size material in the mill, L 
3. Calculate discharge rate 
4. If error is acceptable finish, if not estimate correction to Dmax 
These equations allow the mill load and product to be calculated for any mill load and 
discharge rate adjusted until equation 2.4 is satisfied.  
 
2.2.4 Improvements to the Leung Model (variable rates) 
The variable rates model was the successor to the Leung model. It still uses the same 
model with a few improvements: 
 Grinding rates have been related to mill diameter and operating conditions 
 A model that includes grate geometry (not pulp lifter capacity) now describes slurry 
hold up 
The operating conditions identified in Mutambo (1992) and previous literature were 
analysed using a data base of 63 pilot data and 93 full scale mills. The variable rates 
model adjusts the breakage parameters based on a very large data set of industrial and 
pilot plant mills. It adjusts the breakage rates due to the effect of ball load, ball size, mill 
speed/diameter, recycle load and feed size. The relationships between these mill 
parameters and operating conditions were explored using regression analysis.  
The original Leung model was restricted assuming the breakage rate distribution following 
one of two forms. The breakage rate was either considered in fully autogenous or semi-
autogenous mode and this was found to be reasonable when determining the load mass 
and power draw. As for the product size distribution however the method was proven to be 
insufficient.  
By relating a number of operational parameters to the model, the relative error in the 
predicted product size was reduced from 59.2% to 15.2% (Mutambo 1992). 
Morrell (1989) improved the discharge predictive capability of the model by adding a slurry 
hold up equation that relates operational and mill parameters to the mass transfer law.  
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By using data from Austin et al (1977), Weymont (1979, Barahona (1984) and Leung 
(1987), Morrell was able to determine 𝑚1 and 𝑚2 values for the Alcoa’s Pinjarra SAG mill 
by forcing the mass transfer curve through the data.  The values for 𝑚1 and 𝑚2 were 
calculated to be 0.93 and 0.63 respectively. This evidence heavily indicated the values for 
𝑚1 and 𝑚2 to be mill specific as thought by previous researchers.   
Morrell used his own data in conjunction with that of Stanley (1974), Austin et al (1976), 
Weymont (1979), Barahona (1985) and Leung (1987) to derive an empirical mass 
transport relationship. 
The Variable Rates model includes an additional function which links equation 2.14 to the 
grate design, grate open area and mill speed (Morrell and Stephenson, 1996) via the 𝑚1 
constant in equation 2.14 
 
 
 
𝑱𝒑 = 𝒌𝑸
𝟎.𝟓𝜸−𝟏.𝟐𝟓𝑨−𝟎.𝟓𝝓𝟎.𝟔𝟕𝑫−𝟎.𝟐𝟓 2.27 
 
 
Where, 
𝐽𝑝 is the fractional slurry hold-up 
D is the mill diameter (m) 
A is the total area of the grate apertures (m2) 
F is the fractional speed (φ) 
Q is the volumetric flowrate out of the mill (m3/hr) 
𝜸 =
∑ 𝒓𝒊𝒂𝒊
𝒓𝒎 ∑ 𝒂𝒊
 2.28 
ai is the open area of all holes at radial position ri 
rm is the radius of mill inside the liners 
 
The use of equation 2.27 has been proven to predict discharge rates closer to that of the 
observed values compared to the base Leung model.  
It is clear from the literature that mass transfer relationship parameters still require more 
in-depth analysis and correct mechanistic models would prove to be more accurate.  
The classification function has also been improved to include pebble port ratios. Pebble 
ports allow a small discharge rate of substantially coarser particles and affect the 
classification curve as below (Figure 10): 
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Figure 10 Classification function with pebble ports 
Where, 
𝑥𝑝 is the notional size of the pebble port 
𝑓𝑝is the notional fraction open area of the pebble ports compared with the fraction of 
grate open area.  
Typical values for 𝑓𝑝 are 2-5% (0.02-0.05). While this modification gives a good description 
of pebble product, the areas are notional only and in fact reflect relative discharge rates.  
Similarly to the Leung model, below a certain size the particles still behave like water and 
are easily discharged through the mill, represented by the horizontal line. The next two 
lines are between the fine particle size and largest aperture (or pebble port size) with a 
deflection through the grate aperture size.   
The pebble port function for the model still has its shortcomings (upgrading the JK model 
SAG2011) and has been identified as one of the critical areas requiring improvement. The 
shortcoming has been compensated by model users by artificially adjusting Xg described 
in the work of Bailey, Lane et al. (2009) 
2.2.5 Upgrade to the JK SAG Mill Model (Toni Kojovic Model) 
Some upgrades to the model have been developed by Kojovic, Powell et al. (2011) 
outlined in the paper “Upgrading the JK SAG Mill Model”. It outlines some of the in-house 
enhancements and research that has yet to be incorporated to the model.  
Some key changes were identified for the initial revision of the model. They are outlined in 
the list below: 
1. Incorporate a new breakage model developed by (Shi and Kojovic 2007) that 
accounts for size effect on impact breakage.  
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2. Include an additional knot at 75micron (5-6) in the breakage rates to handle finer 
grinding mills.  
3. Replace the current specific energy function concept with a power based approach. 
The new approach distributes the net applied energy with respect to surface area in 
the mill load.  
a. The new approach will estimate  the power draw  using the JKMRC model 
(Napier-Munn, Morrell et al. 1996) 
b. Using the relationship from Michaux and Djordjevic (2010) work, the surface 
area per particle can be estimated. 
4. Incorporate mill filling sensitivity to breakage rates based on work within the AMRIA 
P9M project. This will be dependent on the impact of the above modifications.  
5. Included pebble discharge into the mill load iteration loop to adjust the effective 
value of fp so that the pebble rates fall within 10% of the expected value. 
All of the above improvements are interrelated and will vary the discharge calculation 
indirectly as it is dependent on mill load. As the discharge and transport is the focus of this 
research work it will be outlined in more detail in the subsequent paragraphs. 
The only change to directly affect the discharge function is the new pebble discharge 
model.  Kojovic, Powell et al. (2011) have developed a temporary fix awaiting a more 
comprehensive model. It uses an empirical linear relationship between the pebble 
discharge rate, expressed as m3/h per m2 of port area and the proportion of pebbles in the 
mill. This relationship was observed using a large range of pilot data for various feed ore 
types and pebble port sizes. The work also proposed a new form for the pebble discharge 
rate model however, it still requires more work to identify the most appropriate model.   
 
Proposed form of the model is as follows: 
𝑷𝑫𝑹 = 𝒌 𝑳 ∗
𝑱. 𝑪𝒔𝒐
𝑱𝒐. 𝑪𝒔
. (𝟏 − 𝒂(𝑩𝑳 − 𝑩𝑳𝒐)) 
 
2.29 
 
Where, 
PDR is pebble discharge rate 
K is a constant to be calibrated 
L is the percentage of mill load between pebble port size and screen aperture  
J and Jo are fractional mill filling (actual and baseline) 
Cs and Cso are mill critical speed (actual and baseline) 
BL and BLo are ball charge % of mill volume (actual and baseline) 
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At this stage of Kojovic’s work the base line were initially set to be 25% filling, 75% CS and 
10% ball load.   
The new model framework has only been adapted to the Leung model and therefore still 
has many limitations. It still requires completion with the variable rates regression 
equations to take into account the mill and operating parameters as discussed in the 
previous section.    
2.2.6 Summary of Discharge Modelling Status 
The discharge model is currently held together by fitting to large data sets of industrial and 
pilot scale data. The relationships themselves have many inaccuracies and limitations as it 
currently stands. 
 The current discharge model does not yet include pulp lifter performance 
 Model is accurate inside the range of collected data only 
 Calibration is required to accurately model a specific mill and even then it is only 
accurate within a limited range.  
 The discharge function is known to be flawed particularly in relation to pebble 
discharge. 
The limitations primarily come from the fact that the model uses empirical relationships 
rather than mechanistic ones. By using experiments and historic data these limitations 
could be reduced by improving the current relationships or, ideally, explore the 
mechanisms in discharge to produce mechanistic equations.  
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2.3 Current JK Models 
  
 
Figure 11 AG/SAG Mill model structure  (JKTech 2013) 
The model structure includes the key elements shown in Figure 11. They are also outlined 
below: 
 Breakage rate which is defined as the number of impacts per particle per unit time 
(Morrell 1989).  
 The appearance function provides a size distribution from a breakage event and is 
defined as the weight fraction of a specific size range material broken into a smaller 
specific size range. In Leung’s model this is broken into a high and low energy 
appearance function. 
o The high energy appearance function is used to model impact breakage. It 
relates the mean energy of the mill to the mill diameter and the top size in the 
mill as well as media.  
o The low energy appearance function accounts for abrasion in the mill. 
 The discharge function reflects the fact that there is no discharge of material 
coarser than the mill grate size.  The rate of discharge for a given size class is 
related its size against that of the grate with discharge increasing as particle size 
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decreases (water being the most). The function uses an iteratively determined 
fraction of the load presented to the grate for a time period and a classification 
function.  
 This presented load to the grate is calculated as to satisfy the mass transfer law.  
 
2.3.1 Calculation Sequence of the Model 
 
Step 1 
Input data:  
Mill design, ball load, feed rate, size distribution, A, b and Ta, ore SG, estimated breakage 
rates 
 
Step 2 
Calculate the volume of below grate size material in the mill using equation 2.14: 
 
 
Via the calculated m1 constant from equation 2.27: 
 
    
𝑳 = 𝒎𝟏𝑭𝒎𝟐 2.14 
 
𝑱𝒑=𝒌𝑸𝟎.𝟓𝜸−𝟏.𝟐𝟓𝑨−𝟎.𝟓𝝓𝟎.𝟔𝟕𝑫−𝟎.𝟐𝟓 2
.
2
7 
 
Step 3 
Simultaneously 
1. Breakage rates distribution from the 5 rates and using splines 
2. Estimate the Ecs for each particle size  
3. Estimate discharge function dmax  (2.26): 
𝒅 = 𝒅𝒎𝒂𝒙. 𝑫 
 
Step 4 
Calculate mill load and product using perfect mixing model (2.22): 
𝒇 − 𝑹. 𝒔 + 𝑨. 𝑹. 𝒔 − 𝑫. 𝒔 = 𝟎 
Step 5 
Compare predicted value for amount of below Xg size material (L) with estimate value. 
 
Step 6 
If error is too large, adjust dmax and return to Step 3 else calculate mill load and product.  
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The calculation sequence illustrates the importance of the discharge and transport 
equations used in the model. The discharge function is solved primarily with fitting rather 
than understanding the driving mechanisms. The classification function is known to be 
flawed especially in regards to pebble ports and requires adjustment when using the 
model. This is one of the primary reasons that the model is only accurate in a small range 
around a particular set of data.  
2.4 Summary and Conclusions  
Discharge mechanisms in AG/SAG mills still lack understanding and a review of the 
literature shows a knowledge gap. Current literature has a distinct lack of understanding of 
size distributions and its effect on discharge through the grate.  To move forward in this 
area, mechanistic based models must be considered with limited semi empirical 
relationships where possible.  This involves rebuilding former models from the 
fundamental.   
For this to be done a detailed analysis of the slurry flow through the mill, grate and pulp 
chamber must be undertaken. This will include investigating the mechanisms and effects 
of the key process variables outlined in the literature review.  
Condori and Powell (2006) work outlines a conceptual approach for a mechanistic model. 
It also identifies many of the main factors outlined within this literature review. 
 Transport through the charge: The charge can be considered to be a porous 
packed bed. The flow resistance will be a function of the porosity of the charge.  
 Grate: Size of the apertures and the pressure of the slurry acting on the grate will 
control the flowrate. Pressure of the slurry will be a function of radial position and 
mill operating conditions. 
 Pulp Lifter Chamber: The pumping capacity of the pulp lifters will be a function of 
width, shape and mill speed. Effects such as Flowback, carryover and by-pass will 
play a crucial part in predicting discharge capacity. 
A truly mechanistic model should focus on all of these functions to give a general 
discharge function:  
𝑫𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 𝒓𝒂𝒕𝒆 = 𝒇(𝒕𝒓𝒂𝒏𝒔𝒑𝒐𝒓𝒕), 𝒇(𝒈𝒓𝒂𝒕𝒆 ), 𝒇(𝒑𝒖𝒍𝒑 𝒍𝒊𝒇𝒕𝒆𝒓 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚) 2.30 
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It is proposed by Condori and Powell (2006) that the slurry flow through the grate can be 
modelled by the use of flow through orifices (Perry's, Chilton et al. 1999). The area 
available for discharge would be determined from the charge shape. Currently there is no 
sufficiently realistic description of the full profile of the charge (Condori and Powell (2006)).  
The test work in this area to date lacks experimental work with realistic mill size 
distributions. No work has explored discharge in relation to mill filling, speed, size and 
radial position of apertures using full mill size distributions (previous work has been done 
with water only) to explore.  
This thesis focuses on developing a test methodology to study and describe mechanistic 
style relationships for grate discharge. 
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3 Experimental Approach and Materials 
The current testing regime found in literature for AG/SAG mill discharge does not 
reproduce the realistic discharge found in such mills. Therefore the current approach is a 
limitation to the modelling of discharge. The objective of this thesis is therefore to develop 
AG/SAG pilot plant test procedures that accurately reproduce and measure the 
mechanisms of discharge within mills. Experiments were carried out on lab scale and pilot 
scale SAG/AG mills. The emphasis of this thesis is on the discharge relationship of grate 
apertures and pebble ports with the mill conditions/design 
It was hypothesised that by measuring the discharge amount and size distribution the 
discharge relationships can be quantified in relation to: 
 Mill load 
 Ball load 
 Grate aperture size and position 
 Mill speed 
 Solids percentage 
 Pebble port size 
 
Since there is no current accepted and adequate testing procedure presented in the 
literature, one was developed. This was done by a series of scoping tests using a 1.8m 
pilot mill. The sole purpose of the scoping tests was to develop the test procedure to be 
used in the full test program.  
3.1 Lab Scale Tests 
This section provides a brief overview of the lab scale tests undertaken which was the 
initial base for pilot scale test (full analysis of data see Appendix A- Lab Scale Tests  
Tests were undertaken with a small perspex mill to explore discharge through pulp lifters. 
The mill used was a 300mm diameter and a length of 50mm fitted with changeable grate 
and pulp lifter (Figure 12).  
The mill is constructed so that it discharges (1) through the grate/pulp lifter arangement 
through the center however also allows the capture of both flowback(2) and carryover (3). 
The mill also has a spring loaded plastic sheet that simulates a charge and prevents 
flowback in this area (4).  There is a discharge slot (at the back of the mill) for overflow (to 
keep the mill at a constant level) and a flow metre used to regulate the flowrate to the mill.  
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Figure 12 Lab Scale Perspex Mill 
The experiments were carried out with the mill analysing the following variables: 
Table 1 Perspex Mill Experiment Control Variables 
Variable Speed ( 12 RPMS) 
Flowrate (1L/min, 2.2L/min, 
3L/min) 
Mill Filling (%) Perspex and Metal Grate 
Aperture Size (1mm, 2mm, 3mm, 
4mm) 
Simulated Charge (Full, Half, 
None) 
 
These control variables were analysed based on the response variables: 
 Discharge Rate 
 Flowback 
 Carry Over 
Due to many limitations of the small mill the data gathered is not applicable to modelling 
however has provided a base understanding of the mechanisms and initial experimental 
design. The rig does not simulate a real charge shape and is only appropriate for 
investigating mechanisms within pulp lifters rather than grate discharge. 
1. Discharge from Centre 
2. Flowback 
4. Carryover 
3. Simulated 
Charge 
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3.2 Pilot Scoping Tests 
This section outlines the pilot scale tests program development. For a more detailed 
analysis of results and conclusions refer to appendix sections 10.2 and 10.3. 
 The first pilot experiments conducted were scoping tests. The tests were conducted on a 
1.8m X 0.3m SAG/AG mill.  
Figure 13 shows the mill with the central hatch removed. The bottom catchment has two 
discharge points however for the scoping tests one was blanked as so only one chute 
collected product (In Figure 13 the right chute was blanked). 
 
Figure 13 1.8m Pilot Mill 
 
The scoping tests were carried out with Beaudesert quarry rock.  
This work with the local quarry rock was vital to not only measure the relationships 
between operating conditions and variables but also to get a better understanding of pilot 
plant scale test work. These tests were used to gain greater knowledge to enhance further 
test work with site specific ore. 
The goal for the initial scoping tests was to achieve stable mill conditions to simulate a 
realistic plant SAG/AG mill. The objective was to conduct the test at a pseudo steady 
state. This is achieved once the discharge/product from the mill is stable which was 
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assumed to be the case once it produced a consistent product of approximately 70% 
solids and similar size distribution.  
3.2.1 Materials and Sample Preparation 
Quarry rock was used in the scoping and trial tests to develop the full test procedure. This 
was done in order to compare the grinding tests to the full scale operation at Cadia.   
The size distribution used for the tests was taken from plant scale data. The historic data 
for a full scale mill was used as a realistic size distribution for the scoping tests and is 
outlined in Table 2. The √2 sieve series was used for each size fraction. 
 
Table 2 Mill Size Distribution 
Size 
(mm) 
Retained 
(%) 
 Size  
(mm) 
Retained  
(%) 
106 17.78  1.180 1.33 
75 21.84  0.850 1.46 
53 15.72  0.600 1.48 
37.5 8.15  0.425 1.57 
26.5 4.31  0.300 1.69 
19 2.07  0.212 1.70 
13.2 1.45  0.15 1.66 
9.5 1.02  0.106 1.55 
6.7 0.99  0.075 1.43 
4.75 1.05  0.053 1.30 
3.35 1.2  0.038 1.08 
2.36 1.31  -0.038 5.69 
1.7 1.16  Total 100 
 
The previously milled rock was used to constitute a portion of the feed for the grinding and 
discharge tests. This was due to the desired initial mill load of 25% ‘fresh’ (non-milled) and 
75% ‘rounded’ (milled rocks from the abrasion tests) for the grind tests. This was used to 
simulate a steady-state full scale mill charge where the majority of the rocks in the mill at 
any given point had been retained in the mill for some time and therefore experienced 
milling. 
The rounded rocks were collected from previous abrasion tests which ran for 30mins at 
low speeds. Particles below 4.75mm were deemed to be fines and do not require rounding 
(* ‘fresh’ rock was used for a large portion of the fines).  The ‘fresh’ and ‘rounded’ rocks 
were separated into the √2 size fractions using Gilson vibrating screens down to 4.75mm. 
A total of twenty four 44 gallon drums were sized so to have enough feed particles in each 
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size fraction. All the fines were collected from the drums and rotary divided into the 
required mass for each test (so that all tests in a series had the same distribution).   
The different size fractions of both fresh and round rocks were then split into the required 
amounts for each series of tests. 
Following each completed test the product was sized and resized to be re-used as 
rounded material in subsequent tests.  
 
3.2.2 Scoping Test One 
The first grind/discharge scoping tests were conducted using a combination of rounded 
(75%) and fresh (25%) quarry rock. The mill used was a 1.8m mill with a single catchment 
area below the mill. 
The first test conducted used the following mill conditions: 
 Scoping Test 1 
• 1.8m x 0.3m pilot mill run as AG  
• 75% critical speed 
• 300kg of feed (25% Fresh, 75% Rounded) (Approx. 20% total mill filling) 
• 60L water 
• No subsequent water addition 
• 20mm discharge hole on the side of the mill 
• 15mins run time 
• Samples collected every 30 sec 
• Acoustics measurement device 
• Torque meter 
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Table 3 Scoping Test One Size Distribution 
Total 
Rock 
300kg Approx.20% filling 
Size 
(mm) 
Retained  
(%) 
Weight 
Rounded (kg) 
Weight 
Fresh (kg) 
106 17.78 40.01 13.34 
75 21.84 49.13 16.38 
53 15.72 35.37 11.79 
37.5 8.15 18.33 6.11 
26.5 4.31 9.70 3.23 
19 2.07 4.65 1.55 
13.2 1.45 3.27 1.09 
9.5 1.02 2.28 0.76 
6.7 0.99 2.23 0.74 
4.75 1.05 2.37 0.79 
3.35 1.20 2.71 0.90 
2.36 1.31 2.95 0.98 
1.7 1.16 2.61 0.87 
1.18 1.33 3.00 1.00 
0.85 1.46 3.29 1.10 
0.6 1.48 3.33 1.11 
0.425 1.57 3.54 1.18 
0.3 1.69 3.79 1.26 
0.212 1.70 3.82 1.27 
0.15 1.66 3.72 1.24 
0.106 1.55 3.49 1.16 
0.075 1.43 3.22 1.07 
0.053 1.30 2.93 0.98 
0.038 1.08 2.43 0.81 
-0.038 5.69 12.80 4.27 
Fines 
Total 
 46.38 15.46 
Total 100 225 75 
 
 
3.2.2.1 Initial Scoping Test Procedure 
The first scoping test procedure is outlined in this section. After each test the procedure 
was improved and refined. The scoping tests were used to finalise the test procedure to be 
used in the central composite experimental design to examine discharge.   
The load of the mill was prepared prior to the tests using the size distribution outlined in 
Materials and Sample Preparation section.  
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The initial water input of 60 L was weighed out before the test. This was estimated for the 
first test with an aim to produce a product of 70% solids. This was a guestimate as no 
previous tests had been conducted using this mill with a full size distribution. 
Once ready to run the mill the mill speed was input, 75% critical speed was used as this is 
common for industrial mills. The mill was then run with no load and the power was 
recorded for 10 minutes. This was to give a no-load power draw of the mill in order to later 
calculate the power applied to the rock.  
Once the no-load power has been recorded the prepared mill contents were loaded into 
the mill through a central hatch. The height of the contents was recorded and then the 
water was added (the water level was then visually observed). Once loaded the hatch is 
resealed.  
The scoping test was then run for 15mins with samples collected every 30seconds. The 
samples were collected in a single catchment area in a semi-circle shape around the 
bottom of the mill. Whilst the test was run, power and speed data was logged using the mill 
data logging and control software.  
Once complete the contents of the mill were collected and washed over a 1.18mm screen. 
The fines were pressure filtered and dried in the oven along with the coarse material. The 
coarse material was Gilson screened into the original size fractions to be used in 
subsequent tests.  
The collected 30samples had their wet weights recorded. The samples produced from the 
each of the tests range from 8kg down to a few hundred grams. The samples wet weights 
were recorded and then were pressure filtered and dried.  The dry sample weights were 
recorded and subsequently sized. All sizing samples were wet sieved over a 38micron 
screen in order to remove the fine particles for accurate dry sizing. Following this the 
samples were dried and sized using a √2 sieve series.  
3.2.2.2 Scoping Tests One Results 
The first scoping test showed the water addition to be too low starting at about 40% solids 
(excluding the first samples) and gradually increasing over the 15min period to 57%.  This 
is illustrated in a plot of discharge solids (%) against time, shown in Figure 14. From this 
test it was concluded that the water addition required was substantially lower than the first 
estimate. The increase in product solids (%) over the test period suggests that water 
addition is necessary to maintain consistency. This is due to the discharge of slurry 
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reducing the solids to water ratio and increasing fines in the mill load (from breakage) 
which subsequently increases product solids percentage.  
Due to the dynamic nature of the mill contents the product size distribution had large 
inconsistent fluctuations. This can be observed in the size distribution plot in Figure 15 
where samples were taken in 30 seconds intervals throughout the 15 minute test (S1 
being the first sample i.e. 0-30seconds, S2 being 30-60Seconds and so on in till S30).  It 
was also concluded for the grinding tests the mill product aperture was not required to be 
20mm and a 10mm aperture would yield expectable results (in relation to grind curve tests 
which is outside the scope of this masters and can be found in the thesis work of 
Vijayakumar (2015 expected).  
 
 
Figure 14 Scoping Test One Solids Discharge over Time 
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Figure 15 Scoping Test One Product Distribution 
 
3.2.3 Scoping Test Two 
The results from the initial test were used to design the 2nd scoping test. It was determined 
from the previous tests the following adjustments were required: 
 Reduce initial water 
 Constant water addition 
 Product aperture 10mm (reduced from 20) 
The water addition hose input was through the small gap in the central hatch and held in 
place by a tight fitting.  This is shown in Figure 16 
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Figure 16 1.8m Mill Water Addition 
From these conclusions the following test conditions used were for the 2nd scoping test: 
 Scoping Test 2 
• 1.8m x 0.3m pilot mill run as AG  
• 75% critical speed 
• 300kg of feed (25% Fresh, 75% Rounded) (Approx. 20% total mill filling) 
• 50L water 
• 800 ml/min water addition 
• 10mm discharge hole on the side of the mill 
• 15mins run time 
• Samples collected every 30 sec 
The key difference between this test and its predecessor was the use of a 10mm 
discharge hole (reduced from 20mm), decreased initial water (10L less) and constant 
water addition of 0.8L/min. The same procedure was followed as per the first scoping test 
with the exception of the stated changes.  
3.2.3.1 Scoping Test Two Results 
The first two scoping tests are compared in Figure 17. The second scoping test results 
showed an increase in product solids (%) that rose from 58-61% compared to that of the 
40-57 solids (%) of the first. Although a shift in the right direction, the solids (%) was still 
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lower than that of realistic mill operating conditions (70% solids). Also the results indicate 
increasing the water addition will stabilise the small rise in solids (%) over the test period. 
The size distribution of the second scoping test showed a remarkable improvement to its 
predecessor and can be observed in Figure 18.  In relation to subsequent discharge tests 
it was determined the mill conditions were stable for the required purposes and the focus 
on achieving 70% solids. 
The grind tests were aimed to be conducted at a pseudo steady state which was observed 
in the first 7.5mins of the test. This was where the mill is considered stable and the product 
size distribution is consistent. Further information about pseudo steady state and the grind 
tests can be found in the work of Vijayakumar (2015 expected). 
 
Figure 17 Comparison of Solids Discharge for Scoping Tests 1 and 2 
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Figure 18 Scoping Test Two Size Distribution 
 
3.2.4 Mill Speed Tests 
Following the initial scoping tests a mill speed test was run to investigate the potential to 
run consecutive tests for similar mill charge conditions with the only change in mill speed 
(Vijayakumar (2015 expected)). In relation to the discharge test the objective was to have 
a consistent product size distribution and achieving 70% product solids. 
The results from the scoping tests were then used to design the mill speed tests. It was 
determined from the previous tests the requirement for: 
 Further reduction in initial water input 
 Constant water addition increase 
 
From these conclusions the following test conditions were used for the mill speed tests: 
 Scoping Test 3 – Mill speed 
• 1.8m x 0.3m pilot mill run as AG  
• 300kg of feed (25% Fresh, 75% Rounded) (Approx. 20% total mill filling) 
• 40L water 
• 1 L/min water addition 
• 10mm discharge hole on the side of the mill 
• 2.5 mins stabilisation between each speed 
• 3 different speeds (50%, 75%, 50% critical speed) 
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• 2.5 mins of sample collection (5 x 30sec samples) 
• 15min run time 
The mill tests were run with a 2.5min stabilisation before the first samples and between the 
subsequent speed changes.    
3.2.4.1 Mill Speed Scoping Test Results 
It was determined from the mill speed tests that it was non-practical to run the consecutive 
tests, with changes in speed, due to the dynamic nature of the mill load (Figure 19). By 
running the tests separately the results from the different tests is able to compare directly 
with lower variance due to the evolving charge. (See Vijayakumar (2015 expected) for full 
analysis) 
Figure 20 shows the comparison of product solids (%) against time for scoping test two 
and the mill speed tests. The results show product solids (%) was slightly decreasing from 
67-64 which was below of the target 70%.  This suggests a reduction in both initial water 
input and water addition throughout the test period.  
 
Figure 19 Mill Speed Test Size Distribution 
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Figure 20 Mill Speed and Scoping Test Solids (%) comparison 
3.2.5 Scoping Test Summary 
This section outlines the completed scoping tests. The conclusions drawn from these tests 
were used for design of the final test program and procedures. 
These pilot tests include: 
 Two Scoping tests  
 Mill speed tests 
 Mill filling tests 
 
The first scoping tests were designed as listed in Table 4 and collected the product from a 
20mm hole in the shell of the mill.  
Table 4 Control Variables for Scoping Test 
 Control Variables 
Scoping Test Mill Speed (%CS) Mill Filling (kg) Initial water (l) Water addition l/min 
Scoping Test 1 75 300kg 60L N/A 
Scoping Test 2 75 300kg 50L 0.8L/min 
Mill Speed Tests 50, 75, 50 300kg 40L 1L/min 
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Table 5 Measured and Response Variables for Scoping Tests 
Measured Variables Response Variables 
Mill Size Distribution Product Mass  Product Size Distribution Power Discharge Solids 
 
The results from the initial test were used to design the 2nd scoping test. It was determined 
from the previous tests the following adjustments were required: 
 Reduce initial water (Solids percentage below target of 70%) 
 Constant water addition (Solids percentage increasing over time) 
 Product aperture 10mm (reduced from 20)  
 More stable mill contents as it produced a highly fluctuating product distribution  
The product was collected from a 10mm hole in the shell of the mill and the mill had 
0.8L/min water addition throughout the test.  
The results from the second scoping tests were then used to design the mill speed tests. It 
was determined from the second test the requirement for: 
 Further reduction in initial water input (Solids percentage below target of 70%) 
 Constant water addition increase (Solids percentage slightly  increasing over time) 
The mill speed test was designed to determine if the grinding tests being performed prior 
to the discharge test could be combined to run tests with the same mill conditions whilst 
only changing speed.  Full analysis of grind curve can be found in Vijayakumar (2015 
expected) master’s thesis. However it gave another opportunity to fine tune the mill 
conditions to produce a consistent feed. The test showed stable product size distributions 
and stable solids (%) just below the targeted 70%. 
The results from the mill speed tests were then used to design the ‘Mill Filling Tests’. 
3.2.6 Mill Filling Scoping Test 
A preliminary test program was undertaken to produce the first data set for analysis and to 
finalise the discharge test procedure. This test set was designed to compare mill load and 
finalise the test procedure before the start of the ‘full test program’. The fabrication of the 
newly designed discharge hatch was completed and trialled in these tests and is outlined 
in the following section. It was also a scoping test to investigate the variation between the 
AG milling tests and the SAG milling tests. It was designed so that the tests results can be 
used to analyse the response to changes in mill filling. The test program used four different 
mill fillings each with 9% ball load.  
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3.2.6.1 Discharge Hatch and Catchment  
The hatch is shown in Figure 21. It consists of five 20mm apertures down the centre of the 
hatch. These are located between 10 to 410 mm from the edge of the mill (each spaced 
equally by 100mm). The relative radial position for each aperture was calculated. This was 
done by dividing the aperture position (distance from mill edge) by the mill radius 
(900 mm).  This is outlined in equation 3.1 below: 
𝑅𝑃 =
𝐴𝑝
𝑅𝑚
 
 
3.1 
 
Where:  
RP is the radial position 
Ap is the aperture distance from the mill edge 
Rm is the mill radius 
Table 6 Radial Position of Test Apertures 
Aperture Aperture Distance from 
Mill edge (mm) 
Aperture Radial 
Position  
A1 10 0.011 
A2 110 0.12 
A3 210 0.23 
A4 310 0.34 
A5 410 0.45 
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Figure 21 Discharge Hatch with A5 Open 
  
Figure 22 and Figure 23 shows the discharge hatch on the mill and how it is captured 
separately from the grind product.  
  
A5
A5 
A4 
A3 
A2 
A1 
Figure 22 Open and Closed Face Catchment 
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Figure 23 Product and Discharge Catchment Points 
 
3.2.6.2 Test Conditions 
The mill filling tests consisted of 5minute grinding followed by a 7.5 minute discharge test. 
The mill conditions such as filling, ball load and speed were consistent through both tests 
and are outlined below: 
 Mill Filling  
• 1.8m x 0.3m pilot mill run as AG  
• 4 fillings (20%, 25%, 33%, 43%)(25% Fresh, 75% Rounded) 
• 9 % ball load 
• 75% critical speed 
 Grinding 
• 0.8 L/min water addition  
• 10mm discharge hole on the side of the mill 
• 2.5 mins stabilisation  
• 2.5 mins of sample collection (5 x 30sec samples) 
• 5 min run time 
 Discharge 
• Varying  0.7-1.4L/min water addition  
• 5 circular 20mm Apertures (at 10, 110, 210, 310, 410mm from the mill edge)  
• 30sec stabilisation followed by 1min of sample collection repeated 5 times 
(one for each aperture)  
The test load and order are summarised in Table 7, Table 8 and Table 9. 
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Table 7 Filling Test Order and Aperture Discharge 
Test 1 - 20% Filling  Test 2 - 25% Filling 
Order Aperture Ap Dist.(mm)  Order Aperture Ap Dist.(mm) 
1 A1 10  1 A1 10 
2 A2 110  3 A2 110 
3 A3 210  2 A3 210 
       
Test 3 - 33% Filling  Test 4 - 43% Filling 
Order Aperture Ap Dist.(mm)  Order Aperture Ap Dist.(mm) 
2 A1 10  2 A1 10 
4 A2 110  4 A2 110 
3 A3 210  1 A3 210 
1 A4 310  3 A4 310 
    5 A5 410 
 
 
Table 8 Filling Test Operating conditions 
Filling 20% 25% 33% 43% 
Rock (kg) 138.82 201.91 302.87 429.07 
Ball (kg) 307.49 307.49 307.49 307.49 
Water (L) 18.5 26.9 40.4 57.2 
 
 
Table 9 Ball Size Distribution 
Size (mm) Retained (%) Mass (kg) 
125 54 166.0 
94 27 83.0 
65 13 40.0 
40 6 18.4 
Total 100 307.5 
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Table 10 Mill Filling Test Size Distribution 
  20% filling 25% filling 33% filling 43% filling 
Size 
Retained 
(%) 
Weight  
Rounded 
Weight 
Fresh 
Weight 
Rounded 
Weight 
Fresh 
Weight 
Rounded 
Weight 
Fresh 
Weight 
Rounded 
Weight 
Fresh 
106 17.78 18.51 6.17 26.93 8.98 40.39 13.46 57.22 19.07 
75 21.84 22.74 7.58 33.07 11.02 49.60 16.53 70.27 23.42 
53 15.72 16.37 5.46 23.81 7.94 35.71 11.90 50.59 16.86 
37.5 8.15 8.48 2.83 12.34 4.11 18.51 6.17 26.22 8.74 
26.5 4.31 4.49 1.50 6.53 2.18 9.79 3.26 13.87 4.62 
19 2.07 2.15 0.72 3.13 1.04 4.70 1.57 6.65 2.22 
13.2 1.45 1.51 0.50 2.20 0.73 3.30 1.10 4.68 1.56 
9.5 1.02 1.06 0.35 1.54 0.51 2.31 0.77 3.27 1.09 
6.7 0.99 1.03 0.34 1.50 0.50 2.25 0.75 3.19 1.06 
4.75 1.05 1.09 0.36 1.59 0.53 2.39 0.80 3.38 1.13 
3.35 1.20 1.25 0.42 1.82 0.61 2.74 0.91 3.88 1.29 
2.36 1.31 1.37 0.46 1.99 0.66 2.98 0.99 4.22 1.41 
1.7 1.16 1.21 0.40 1.76 0.59 2.64 0.88 3.73 1.24 
1.18 1.33 1.39 0.46 2.02 0.67 3.03 1.01 4.29 1.43 
0.85 1.46 1.52 0.51 2.22 0.74 3.32 1.11 4.71 1.57 
0.6 1.48 1.54 0.51 2.24 0.75 3.37 1.12 4.77 1.59 
0.425 1.57 1.64 0.55 2.38 0.79 3.57 1.19 5.06 1.69 
0.3 1.69 1.76 0.59 2.55 0.85 3.83 1.28 5.43 1.81 
0.212 1.70 1.77 0.59 2.57 0.86 3.85 1.28 5.46 1.82 
0.15 1.66 1.72 0.57 2.51 0.84 3.76 1.25 5.33 1.78 
0.106 1.55 1.62 0.54 2.35 0.78 3.53 1.18 5.00 1.67 
0.075 1.43 1.49 0.50 2.17 0.72 3.25 1.08 4.61 1.54 
0.053 1.30 1.36 0.45 1.97 0.66 2.96 0.99 4.19 1.40 
0.038 1.08 1.13 0.38 1.64 0.55 2.46 0.82 3.48 1.16 
M-0.038 5.69 5.92 1.97 8.61 2.87 12.92 4.31 18.30 6.10 
Fines 
Total  
21.46 7.15 31.22 10.41 46.82 15.61 66.33 22.11 
Total 100 104.12 34.71 151.4325 50.4775 227.15 75.72 321.80 107.27 
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The mill contents were calculated in a similar manner to that of the previous scoping 
tests with the exception of media addition. The ball distribution was calculated for a 
9% filling (by volume) using a distribution of 125, 94, 65, 40mm steel balls (Table 9). 
The same ratio for water to rocks was used in each test.  Detailed data on initial mill 
contents and conditions can be found in Table 8 and Table 10.  
The grinding tests are run first where samples are taken as per previous tests, 
following a 2.5min stabilization time, on the side of the mill every 30seconds for a 
2.5min.  After this 5min test is concluded the mill is stopped and one of the discharge 
apertures on the face of the mill is opened.  
Following the completion of the 5 minute grinding test the discharge tests 
commenced. The tests had a 30second stabilization time (to achieve charge shape) 
followed by one minute of sample collection. The mill was then stopped and a 
different discharge hole is opened and the previous one closed. The test is then run 
again and repeated for each of the five apertures.   
Due to the evolving nature of the mill contents the discharge tests were conducted 
with short 1.5minute sample times. This was to minimise the effect of breakage and 
the test order was randomised as to investigate the effect. 
As expected the lower fillings had no discharge in the holes closest to the centre of 
the mill. The first two fillings (20, 25%) only had product from three lowest apertures 
whilst 33% and 43% produced from four and five apertures respectively (Table 7).   
3.2.7  Mill Filling Scoping Test Summary 
The final scoping test for mill filling is outlined in Table 11 and Table 12. The Initial 
mill filling tests differed to the previous scoping tests by capturing discharge from five 
20mm apertures located on the face of the mill rather than the 10mm product sample 
point on the mill shell.  
 
Table 11 Variables for Mill Filling Tests 
Control Variables 
Mill Speed 
(%CS) 
Mill Filling 
(%) 
Aperture Position  
(distance from mill edge) 
75 20, 25, 33, 43 10mm, 110mm, 210mm, 310mm, 410mm 
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Table 12 Measured and Response Variables for Mill Filling Tests 
Measured Variables Response Variables 
Discharge 
Solids 
Mill Size 
Distribution 
Discharge 
Mass 
Discharge Size 
Distribution 
Aperture 
Position 
 
 
The analysis of the discharge mass and size distribution showed some clear trends 
which are summarised in the list below: 
 Exponential discharge rates as filling increases (due to more apertures 
exposed)  
 The further the aperture from the mill edge the finer the discharge product  
 Each aperture showed very similar size distributions for each of the four tests  
 Test order has an effect, being the later the test the finer the discharge was 
from the aperture  
 When the discharge from each of the four tests was averaged the size 
distribution was remarkably similar  
 
This test was used to design the full test program for exploring aperture discharge. 
 
3.3 Finalised Aperture Test Program 
This section outlines the finalised experimental program developed from the scoping 
tests. The aperture test program undertaken was used to analyse 20mm apertures at 
a range of positions, mill speeds, fillings and ball charges. It includes a detailed 
experimental method and description of the each conducted test and the method 
used to preform them. A separate test program was developed to explore pebble 
port discharge and can be found in chapter 5.  
3.3.1 Aperture Experimental Design 
The experiments were carried out using a central composite design. For each test 
the mill filling, ball charge and speed was kept constant. The test consisted of a 
5minute grinding test directly followed by a series of aperture tests. The grind and 
aperture central composite design tests are outlined in Table 13. 
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Table 13 Full Aperture Discharge Test Program 
Aperture Discharge Tests 
Test 
Number 
Mill Speed 
(%CS) 
Mill Filling 
(%) 
Ball Charge 
(%) 
20mm Aperture Distance 
From Mill Edge  
Test 1  75 28 11 10, 110, 210, 310, 410mm 
Test 2 75 28 11 10, 110, 210, 310, 410mm 
Test 3  75 40 11 10, 110, 210, 310, 410mm 
Test 4 65 28 11 10, 110, 210, 310, 410mm 
Test 5 75 28 11 10, 110, 210, 310, 410mm 
Test 6 85 28 11 10, 110, 210, 310, 410mm 
Test 7 75 15 11 10, 110, 210, 310, 410mm 
Test 8 81 35 7 10, 110, 210, 310, 410mm 
Test 9 69 35 7 10, 110, 210, 310, 410mm 
Test 10 69 20 7 10, 110, 210, 310, 410mm 
Test 11 81 20 7 10, 110, 210, 310, 410mm 
Test 12 75 28 4 10, 110, 210, 310, 410mm 
Test 13 69 35 15 10, 110, 210, 310, 410mm 
Test 14 81 35 15 10, 110, 210, 310, 410mm 
Test 15 69 20 15 10, 110, 210, 310, 410mm 
Test 16 81 20 15 10, 110, 210, 310, 410mm 
Test 17 75 28 18 10, 110, 210, 310, 410mm 
 
 
3.3.2 Final Aperture Test Procedure 
This section outlines the refined test procedure developed from the scoping tests. 
This procedure was implemented for the seventeen aperture test program 
summarised in Table 13. 
Sample preparation: 
 Firstly the required ore weight (kg) was calculated based on the mill filling (%) 
and ball charge (%).  
 Based on the required ore weight and ball charge (%) prepare the feed 
according to Table 9 and Table 10 respectively. (Using 75% rounded and 
25% fresh rock in each size fraction). 
 Fines (<4.75mm), were prepared in batches to ensure the tests had 
equivalent size distributions. This involved preparing 250kg of fines for the 
first 7 tests and then subsequently preparing 600kg of similar size distribution 
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for the remaining 10 tests. (Ideally all the fines should be prepared at the start 
to ensure a consistent feed distribution). 
 Calculate the required initial water based on the required ore weight. The ratio 
of rock to water was found to be 1:0.133 from the scoping tests.  
Test Method: 
Once ready to run, the mill operating conditions were set in the mill control software 
(critical speed of the test and mill dimensions (1.8m)). The central and discharge 
(with all ports closed) hatches were placed on the mill and secured. The mill was 
then run with no load and the power was recorded for 10 minutes. This was to give a 
no-load power draw for the mill in order to later calculate the power applied to the 
rock. The bolts securing the lifter bars were all checked and tightened to ensure no 
leaks during the test. 
Once the no-load power had been recorded, the prepared mill contents were loaded 
into the mill through a central hatch (ensuring the mill position had the discharge 
hatch above the midway point as so mill contents did not flow out during the loading 
stage). The product and discharge catchment was then set up below the mill. The 
height of the contents was recorded and then the water was added (the water level 
was then visually observed). Once loaded the hatch was resealed.  
The grind tests were then run at the desired critical speed for 5 minutes, collecting 
samples every 30 seconds after an initial stabilisation period of 2.5 minutes. During 
the test water was added at a rate of 750 ml/minute via the small hole in the central 
hatch. The mill was then stopped, ensuring the discharge hatch was above 
horizontal.  
The central hatch was removed and one of the five apertures in the discharge hatch 
was then opened. The central hatch and the discharge catchment were then 
secured.  The mill was started again at the desired critical speed with a water 
addition of 1150 ml/minute. Following a 30 second stabilisation period a one minute 
discharge sample was collected.  Once complete the central hatch was removed. A 
different aperture was opened and the previous one closed.  The test was then 
repeated for each aperture.  
Some tests included repeats of apertures to be used to investigate the effect of the 
evolving mill load. The samples were all collected and wet weights recorded for 
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each. The samples were then pressure filtered, dried, split, wet screened over a 
38 micron sieve and finally dry screened. 
Once the tests were completed the mill contents were collected in buckets by 
removing the discharge hatch.  The fines were then separated by wet sizing over a 
4.75 mm screen. The coarse particles were separated from the steel balls and 
placed in the oven. The fines were allowed to settle over a day and then decanted 
and dried in an oven. Once dry the coarse particles were Gilson screened (vibrating 
screens) and recorded for a final mill size distribution and ready for use in 
subsequent tests.  
3.3.3 Test One Full Sizing 
Test one was unique in that it was broken up into two completely separate tests 
(Grinding and discharge). The test was run as per the above procedure however 
after the 5minutes grinding test the mill was stopped and its contents collected. The 
contents were dried and fully sized. Following the sizing the contents were returned 
to the mill and the discharge test was carried out. This was conducted so that there 
was an accurate measurement of mill contents at the start of the discharge tests and 
it was also important in verifying grinding rates in Vijayakumar (2015 expected) 
thesis. 
3.3.4 Flow Visualisation Tests 
A number of flow visualisation tests were undertaken to observe where discharge 
occurs in the mill rotation. The discharge was observed for a number of speeds and 
aperture positions.  
The experimental load used in the tests was similar to that of the aperture tests 
however with no ball charge.  
 
Table 14 Flow Visualisation Test Conditions 
Mill Speed  
(%CS) 
Mill Filling  
(%) 
Rock Mass 
(kg) 
Ball Load 
(%) 
Initial Water 
(kg) 
65-85 17 214.53 0 28.60 
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Table 15 Flow Observations 
Aperture Radial 
Position 
Critical Speed 
(%) 
Discharge  Range Heavy Discharge 
Range 
0.011 75 -19 to  123 9-114 
0.122 75 19    to  114 28-104 
0.233 75 28   to   104 38-95 
0.344 75 28   to     95 47-76 
0.122 85 19    to  114 28-104 
0.122 69 19    to  114 28-104 
These tests are based on visual observations only; however they provided insight 
into the charge shape for a 1.8m mill at critical speeds between 61-85%.  
 
 
 
  
0 degrees 
Figure 24 AG Mill Observed Flow 
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3.4 Pebble Port Test Program 
A separate test program was undertaken to investigate the effect of pebble port size 
on slurry discharge. Apertures between 30x80-60x80 mm have been considered to 
be pebble ports for the purpose of this master’s. 
The tests were run in a similar manner to that of the previous discharge test however 
was run completely independent to other grinding and aperture tests. This is due to 
the large discharge rate in the tests.  
The test program and conditions are outlined in Table 16 and Table 17. 
Table 16 Pebble Port Mill Conditions 
Mill Speed  
(%CS) 
Mill Filling  
(%) 
Rock Mass 
(kg) 
Ball Load 
(%) 
Initial Water 
(kg) 
75 17 214.53 0 34.5 
 
Table 17 Pebble Port Test Program 
Pebble Port Discharge Tests 
Test 
Number 
Pebble Port 
Size (mm) 
Radial Position (mm from mill edge) 
Test 1 30x80mm 30 (P1), 130 (P2), 230 (P3), 330 (P4), 430 (P5) 
Test 2 40x80mm 30 (P1), 130 (P2),  230 (P3), 330 (P4), 430 (P5) 
Test 3 50x80mm 30 (P1), 130 (P2), 230 (P3), 330 (P4), 430 (P5) 
Test 4 60x80mm 30 (P1), 130 (P2), 230 (P3), 330 (P4), 430 (P5) 
 
 
 
Figure 25 Pebble Port Hatch (P1-closed, P2-30x80mm, P3-40x80mm, P4-50x80mm, 
P60x80mm) 
 
P5 
P4 
P3 
P2 
P1 
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3.4.1 Initial Mill Hold up  
The initial mill load was constructed in a similar manner to that of the previous tests, 
by using the product from its predecessor.  
The tests were conducted using fully rounded rocks so as to simulate the charge at 
the grate end of a mill. Rounded rocks were chosen to also remain consistent with 
the previous aperture tests, where all the mill content had already experienced 5 
minutes of grinding prior to the discharge sampling. 
The size distribution used in the pebble port test program was identical to that of the 
initial mill load of the aperture discharge test (Test one). This was selected so the 
results could be used in direct comparison.  The size distribution is shown in Table 
18. 
Table 18 Pebble Port Test Initial Hold up 
Size 
(mm) 
Mass  
(kg) 
Retained  
(%) 
Passing 
(%) 
106 6.70 3.12 96.88 
75 44.78 20.88 76.00 
53 26.26 12.24 63.76 
37.5 19.08 8.90 54.86 
26.5 11.66 5.44 49.43 
19 8.10 3.78 45.65 
13.2 5.06 2.36 43.29 
9.5 4.12 1.92 41.37 
6.7 3.24 1.51 39.86 
4.75 2.60 1.21 38.65 
-4.75 82.90 38.65 
 
3.4.2 Pebble Port Test Procedure 
The tests were run using the same procedure as the aperture tests with variations to 
the sampling procedure.  Each test was designed to have 5 port samples P1-5 as 
per Table 17 however discharge only was produced from ports 1-3 due to the level in 
the mill.  
Due to the large expected flowrates, sampling time for each port was reduced to 
30 seconds. This consisted of a 10 second stabilization time (to achieve charge 
shape) followed by a 20 second sample period.  
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Also due to the high flowrates the samples were sized and returned to the mill 
immediately prior to the next port sample. Each collected sample was sized over a 
root 2 series of screens down to 4.75 mm. Each size fraction was weighed and 
returned to the mill along with the fines. A few samples for each test were fully sized. 
This involved keeping the fines to be dried and wet screened and sized as per the 
aperture tests. To compensate for the loss new fines were added (matching the size 
distribution of the feed fines) at 70% solids.   
It was concluded that due to the low grinding rates two tests could be run back-to-
back without the need for a full mill sizing in between. This was due to the absence 
of grinding media and short sampling times.  Tests 1-2 were run back-to-back as 
were tests 3-4.  
The full test program for each test is outlined below. 
 
Table 19 Test 1 and 2, Pebble Port Test Order 
Test 
Order 
Port Distance 
From Mill Edge 
(mm) 
Port Size (mm) Radial Position 
1 210 30x80 0.233 
2 110 30x80 0.122 
3 15 30x80 0.017 
4 15 30x80 0.017 
5 15 30x80 0.017 
6 20 30x80 0.022 
7 110 40x80 0.122 
8 210 40x80 0.233 
9 210 40x80 0.233 
10 210 40x80 0.233 
 
  
Page 70 
 
Table 20 Test 3 and 4, Pebble Port Test Order 
Test 
Order 
Port Distance 
From Mill Edge 
(mm) 
Port Size (mm) Radial Position 
1 210 20(Aperture) 0.233 
2 210 50x80 0.233 
3 110 20(Aperture) 0.122 
4 110 50x80 0.122 
5 10 20(Aperture) 0.011 
6 25 50x80 0.023 
7 25 50x80 0.122 
8 25 50x80 0.233 
9 210 60x80 0.233 
10 30 60x80 0.033 
11 110 60x80 0.122 
12 110 60x80 0.122 
13 110 60x80 0.122 
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4 Aperture Test Program Results 
This section outlines the findings and conclusions drawn from the finalised aperture 
test program. The aperture test program methodology can be found in chapter 3.3. 
The discharge results are analysed to confirm statistical significance of the variables 
and develop relationships for discharge and classification by the grate. The program 
explored 20 mm apertures at various radial positions and operating conditions; ball 
charge (%), ore filling (%) and mill speed (%CS) as well as the mill load size 
distribution. 
4.1 Test Consistency and Experimental Error 
A purpose of the scoping tests was to ensure that the full aperture test program 
would to be conducted in a manner that would yield reproducible results. In order to 
achieve this, the mill slurry conditions were required to consistent, with 70% solids 
chosen as the optimal condition. 
The data shows that over the 17 tests the slurry solids varied between 69 and 75% 
(this is illustrated in Figure 26). From the scoping tests it was determined that solids 
percentage was a crucial operating variable when determining the stability of the mill 
for both grinding and discharge.  
 
Figure 26 Slurry Solids (%) for Aperture Tests 
 
The central composite design allows the experimental error (or noise) to be analysed 
via the three repeat tests under the same conditions (Table 13 - tests 1, 2 and 5).   
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The three ‘middle’ points of the central composite design indicates a high level of 
reproducibility in the tests. The first test was known to have leaks in the lifter bars of 
the mill resulting in a small expected increase in discharge. Tests 1, 2 and 5 had 
slurry discharge of 7975, 7370 and 7365 g respectively (shown in Figure 27).  
 
 
Figure 27 Central Test Repeats 
 
Figure 28 shows the scatter for the aperture at 10 mm from the mill edge. The repeat 
point was the higher discharge value in all but a few tests. This was due to the 
increasing slurry level in the mill. To maintain a consistent solids percentage in the 
discharge, water was added during the test (as described in the test methodology 
section). Due to this the slurry level was found to increase slightly in the mill over the 
6 minute tests.   
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Figure 28 Central Test Repeats (A1) 
4.2 Total Discharge 
The total slurry discharge from each of the 17 tests (sum of the discharge from each 
individual aperture excluding repeat samples) is outlined in this section.  
The raw data presented in Figure 29 shows a clear relationship between filling and 
slurry discharge. By looking at the data graphically it was clear that the main factor 
was ore filling rather than total filling. Ball charge had a minimal effect on discharge 
capacity of each test which is contrary to how the current JK SAG model calculates 
the maximum discharge rate based on total filling.  
 
Figure 29 Total Slurry Discharge (All Apertures) 
A statistical regression analysis was conducted on the central composite 
experimental design using; critical speed (%), mill filling (%) and ball charge (%) as 
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factors and overall discharge as the output variable.  A summary of the results and 
regression relationship for testing the relationship based on total and ball filling are 
outlined in Table 21 and Table 22. 
Table 21 Total Slurry Discharge Regression Summary 
|R| 0.989 
R2 0.978 
R2 adjusted 0.975 
Standard Error 757 
# Points 17 
 
Table 22 Total Discharge Regression Equation 
Total Discharge = b0 + b1*Filling*Filling + b2*Filling*Ball 
Coefficient Value P value Std Error -95% 95% t Stat VIF 
b0 2630 1.49E-4 511 1534 3730 5.14  
b1 15.1 5.66E-13 0.61 13.7 16.4 24.8 1.49 
b2 -23.2 3.02E-09 1.77 -27.0 -19.4 -13.1 1.49 
 
𝑫𝑻 = 𝟐𝟔𝟑𝟎 + 𝟏𝟓. 𝟏. 𝑭𝑻
𝟐 − 𝟐𝟑. 𝟐𝑭𝑻. 𝑭𝑩 4.1 
 
Where, DT is total slurry discharge (g/min) 
  FT is total filling (%) 
  FB is ball filling (%) 
From the regression analysis a good correlation is shown between the factors of total 
filling and ball charge with no effect from critical speed.  Equation 4.1 is graphically 
shown in Figure 30.  
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Figure 30 Total Discharge Regression Surface Plot (Total filling Vs. Ball Charge) 
The relationship given shows a very good correlation with a R2 value of 0.978.  The 
regression also indicates that ore filling is the defining factor.  
To separate the relationship of ore filling and ball charge from total mill filling, 
another regression analysis was conducted using the ore filling as a factor.  The 
results are summarised in Table 23 and Table 24. 
  
 
 
Table 23 Overall Discharge Regression Summary (Ore Filling) 
|R| 0.993 
R2 0.985 
R2 adjusted 0.982 
Standard Error 644 
# Points 17 
 
Table 24 Total Discharge Regression Equation (Ore Filling) 
Total Discharge = 
 b0 + b1*Ore Filling*Ore Filling + b2*Ore Filling + b3*Speed*Ore Filling 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 222.45 0.738 651 -1186 1630 0.341  
b1 10.95 0.00074 2.49 5.55 16.3 4.38 17.1 
b2 459.69 0.0086 148.6 138 780 3.09 52.5 
b3 -3.033 0.085 1.62 -6.54 0.484 -1.86 36.4 
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𝑫𝑻 = 𝟐𝟐𝟐. 𝟒𝟓 + 𝟏𝟎. 𝟗𝟓 . 𝑭𝑶
𝟐 + 𝟒𝟓𝟗. 𝟔𝟗 . 𝑭𝑶 − 𝟑. 𝟎𝟑𝟑 𝑪𝑺. 𝑭𝑶 4.2 
  
Where, DT is total slurry discharge (g/min) 
  Fo is ore filling (%) 
  CS is critical speed (%) 
Figure 31 illustrates a comparison of the actual discharge and the predicted 
discharge using the regression equation. The relationship shows a strong correlation 
and has potential to provide insight for both predictive modelling and the 
mechanisms driving the discharge through the grate.  It is important to note that this 
total discharge is the product of all the apertures collected together for each test and 
this particular regression equation is only applicable to a 1.8m mill with five 20mm 
apertures (placed at 10, 110, 210, 310, 410mm from the mill edge). However the 
form of the relationship and understanding of discharge is integral to improved 
predictive modelling.  
 
 
Figure 31 Predicted Total Slurry Discharge 
 
By using ore filling (%) as a factor in the regression analysis, an improved correlation 
(R2 value of 0.985) was observed.  Ball charge was not a significant variable 
however speed was determined to be a significant variable although with a minor 
effect compared to that of ore filling.  
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From the P values of the statistical analysis it is clear that the ore filling term is the 
major factor in determining aperture discharge. Mill speed was shown to have a 
stronger influence at higher ore fillings. This is illustrated in Figure 32. 
The decrease in discharge at higher mill speeds is attributed to the changing profiles 
of the charge inside the mill. Similar trends were observed by Latchireddi (2002) as 
well as Morrell and Stephenson (1996).Songfack and Rajamani (1999) attributed the 
influence of mill speed to the change in porosity of the charge. As the mill tumbles 
faster there is an increased voidage as the shoulder position moves up while the toe 
position drops. As a result more water/slurry is entrained in the charge.  
The lack of relationship found with ball charge is contrary to previous research such 
as Latchireddi (2002). His work indicated that as ball charge increases so does 
fractional hold-up which is resultant from decreased discharge rates. This is due to 
the increased flow resistance through the charge in his experiments. His work 
however was conducted using water and media only. By using a full size distribution 
the larger ore particles provide the same resistance through the charge and the there 
is little to no additional resistance provided by the extra ball charge in the mill.  
 
Figure 32 Total Discharge Regression Surface Plot (Ore Filling vs. Mill Speed) 
 
4.3 Aperture Discharge 
The data for individual aperture discharge was investigated based on the mill 
conditions and aperture position.  
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A regression analysis was conducted using, ore filling (%), ball charge (%), critical 
speed (%), and aperture radial position as factors and slurry discharge as the output. 
The results are summarised by the below tables and figures.  
 
Table 25 Aperture Regression Summary 
|R| 0.976 
R2 0.952 
R2 adjusted 0.948 
Standard Error 456 
# Points 68 
 
Table 26 Aperture Discharge Regression Equation 
Discharge = b0 + b1*Ore Filling + b2*Ore Filling*Radial Position + b3* Radial 
Position^2 + b4* Radial Position + b5*Ore Filling*Ore Filling 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 665 0.0350 309 48.2 1280 2.16  
b1 184 2.37E-07 31.8 121 248 5.81 19.2 
b2 -602 2.95E-15 57.8 -718 -487 -10.4 7.86 
b3 31700 3.46E-09 461 22500 40900 6.88 14.7 
b4 -12500 2.03E-08 195 -16400 -8640 -6.43 19.5 
b5 2.13 0.019 0.884 0.363 3.90 2.41 17.1 
 
𝐷𝑠 = 𝟔𝟔𝟓 + 𝟏𝟖𝟒. 𝑭𝟎 − 𝟔𝟎𝟐. 𝑭𝑶. 𝑹𝑷 + 𝟑𝟏𝟕𝟎𝟎. 𝑹𝑷
𝟐 − 𝟏𝟐𝟓𝟎𝟎. 𝑹𝑷 + 𝟐. 𝟏𝟑𝑭𝑶
𝟐  4.3 
 
   
Where, Ds is aperture slurry discharge (g) 
  Fo is ore filling (%) 
  RP is aperture radial position (see equation 3.1) 
The relationship shows a very good correlation with a R2 value of 0.952.  The 
regression analysis indicates that ore filling and aperture position are the two 
defining factors in respect to aperture discharge.  No other factors were determined 
to be significant.  The predicted discharge and regression surface plot are shown in 
Figure 33 and Figure 35 respectively. The surface plot illustrates a clear relationship 
with discharge greatly increasing as ore filling increases and radial position 
decreases.  
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Figure 33 Predicted Aperture Slurry Discharge 
 
 
Figure 34 Aperture Normality Plot 
 
The data shows a good indication that the data is normally distributed (Figure 34). 
This indicates the fit of data is reasonable and the significant factors and their 
coefficients are reasonable within the data set.  
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Figure 35 Aperture Discharge Regression Surface Plot (Ore Filling vs. Radial Position) 
 
For each test the discharge solids were maintained by the addition of water to 
counteract the additional fines in the mill due to grinding. This resulted in an 
increasing slurry level the mill during each test; which in turn led to an increased 
slurry discharge from subsequent apertures samples. This was observed in almost 
every test and is a source of error in this regression analysis.  
Total slurry in the mill is the main driving force behind the discharge. For this reason 
the increased slurry level in the mill was estimated from knowing the mill load 
distribution at the time of each aperture test and the known water addition. The mill 
load estimations are outlined in the discharge particle size distribution section 
following this section.  
4.4 Discharge Particle Size Distributions  
The discharge size distributions over the 17 tests showed consistent trends and Test 
1 has been taken to illustrate the trends for this section.  
Within each of the 17 tests up to 6 samples were collected, these included one from 
each aperture A1-A4 (where 1 is the outermost aperture) with up to two repeat 
samples, as shown in Figure 21. For the following graphs the sample order is 
represented in the legend as T1-T6 with T1 the first sample taken and T6 the last. 
Each sample had a 30 second stabilisation period followed by 1 minute collection 
time. 
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Figure 36 Aperture Discharge - Mass Retained Test 1 
As can be observed in Figure 36, the closer the aperture to the mill edge the greater 
the mass discharged. This is to be expected when related to the observed overall 
discharge rates in the previous section. The retained distribution shows a peak 
discharge mass either side of 0.425mm however this is not due to any preferential 
discharge of this particular size fraction but is rather a function of the mill hold up 
distribution at the time of discharge.  Also the dip in retained mass on the 0.425mm 
screen is also a function of the mill load. This data clearly illustrates the effect of test 
order on the discharge rate and size, such as between tests T4 and T5 both for 
aperture A1 and between tests T2 and T6 both for aperture A2. The test order is 
shown to affect the discharge of fines from the mill. This is due to the increased time 
spent in the mill and hence further grinding time which is resultant in a finer mill hold 
up distribution at the time of sampling. This further indicates the necessity to 
separate out the mill load effect and model it.  
Figure 37 shows a trend that a slightly coarser product is obtained from the lower 
apertures.  The effect is somewhat masked by the test order effect, however it is 
observed in test 1 where even though the outer aperture was sampled last it still has 
a coarser discharge product. 
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Figure 37 Test 1 Particle Size Distribution 
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4.5 Discharge as a Function of Mill Load 
These tests were run as batch tests which have a constantly evolving mill hold-up 
distribution. To analyse the size distribution influence of aperture discharge the 
results must be related back to the mill hold-up size distribution.  
In order to achieve this the aperture discharge size distribution was converted to a 
percentage discharge of mill hold up.  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑖𝑙𝑙 ℎ𝑜𝑙𝑑 𝑢𝑝) =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑀𝑎𝑠𝑠𝑖
𝑇𝑜𝑡𝑎𝑙𝑀𝑎𝑠𝑠𝑖
 4.4 
     
Where, 
 DischargeMassi is the discharge mass of size fraction i 
  TotalMassi is the total mass of size fraction i in the mill 
 
However since the mill load is constantly evolving only the distribution of the initial 
and the final mill hold-up is known.  The results for test 1 are graphed in Figure 38 
and Figure 39 using the initial and final mill load respectively.  
 
Figure 38 Test 1 Discharge as Faction of Initial Mill Load 
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Figure 39 Test 1 Discharge as Faction of Final Mill Load 
 
It is perceptibly clear from these two ways of analysing the results, that the initial mill 
load (Figure 38) and the final mill load (Figure 39) over- and under- estimate the 
discharge respectively. Also it is noted that the earlier the aperture test was 
conducted (within the test order) the prediction would be more accurate to that of the 
initial mill load and the inverse true for later tests. Thus it is clear an estimation of the 
load distribution is required.   
 
Figure 40 Test 1 Mill Hold Up 
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the start of the discharge tests) and the final mill hold up and the time at which each 
aperture test was conducted. The results illustrated in Figure 41 were used to 
estimate the discharge of each size class as a percentage of the total mass of that 
size class within the mill. (E.g. if 100kg of 1.18mm particles exist in the mill and 1kg 
is discharged, the discharge of that size class is 1%). 
  
 
Figure 41 Test 1 Mill Hold Up (Estimated Test Hold-up) 
 
Figure 42 shows a logical relation between the discharge (% of mill load) for the 
repeat tests. The second tests have a slightly higher discharge mass but this can be 
explained by the increased slurry level in the mill and hence slightly higher discharge 
rates.  By using the estimated mill load the discharge size distribution can now be 
compared across all tests with a high level of accuracy.  
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Figure 42 Test 1 Discharge as Faction of Estimated Mill Load 
When observing the results for all the tests, there is a clear increase in discharge 
(ratio) up to a size of 1.18mm after which the discharge is constant. At this size the 
fraction, the load presented to the aperture has a 100% probability of passing 
through while the larger size fractions only have a portion of the chance of passing.  
This is the classification function of the grate and is dependent on the aperture size 
(20 mm for these tests). However the data indicates that the discharge maximum (% 
of mill load) is not a function of aperture size but rather of total discharge from the 
aperture. 
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4.6 Maximum Aperture Discharge Relationship 
In each of the tests the size fraction at which the discharge (percentage of mill load) 
reached a maximum value was recorded. This maximum, Dmax, is the fraction of the 
mill load presented to the aperture over a time period. At a sufficiently small size 
there is no classification by the aperture and if presented to the aperture a particle 
will pass through. An average value of the below size fractions was taken for each of 
the tests and this was determined to be the Dmax value to be used as an output for 
a function of mill operating conditions and grate design.   
A statistical analysis was conducted on the maximum discharge (% of mill load) to 
identify key factors. 
Table 27 Dmax Regression Summary  
|R| 0.966 
R2 0.934 
R2 adjusted 0.931 
Standard Error 0.00374 
# Points 95 
 
Table 28 Dmax Regression Equation 
Dmax =  
b0 + b1*Discharge + b2*Aperture + b3*Aperture*Aperture + b4*Discharge*Discharge 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 0.017 1.06E-16 0.0016 0.013 0.020 10.21  
b1 6.83E-06 1.33E-14 7.42E-07 5.35E-06 8.30E-06 9.19 18.3 
b2 -0.118 1.13E-13 0.013 -0.145 -0.091 -8.75 17.9 
b3 0.203 1.69E-07 0.036 0.132 0.274 5.67 15.3 
b4 -4.93E-10 2.20E-06 9.74E-11 -6.86E-10 -2.99E-10 -5.06 15.4 
 
Dmax = 0.017 + 6.83x10−6. Ds − 0.118. RP + 0.203. RP
2 − 4.93x10−10. Ds
2 4.5 
  
Where, Dmax is the fraction of the load presented to the aperture 
  Ds is the aperture slurry discharge (g/min) 
  RP is aperture radial position  
   
The regression analysis showed a good relationship with an R2 value of 0.934. The 
most significant variables were aperture position and slurry discharge. The major 
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sources of error in this analysis would come from the estimated mill hold up as any 
errors in estimating the discharge as a fraction of the mill load carries through into 
this regression analysis. In theory the discharge (g/min) would be the defining factor 
in determining Dmax. Figure 43 clearly shows a good correlation at low Dmax values 
however a factor is clearly no account for as the regression plot progressively 
underestimates Dmax at high values.  It is suspected the unaccounted variables are 
the solids (%) and total fines (%) in the mill.  
This function of Dmax coupled with a classification function can be used to model the 
discharge size distribution from a mill.  
 
 
Figure 43 Predicted Dmax versus Dmax 
 
 
Figure 44 Dmax Normality Plot 
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The data shows an indication that the data is bimodal. This data might benefi 
 
 
Figure 45 Aperture Dmax Regression Surface Plot 
 
4.7 Classification Function 
Classification occurs at the apertures in the mill grate. Hence a classification function 
is required to dictate the portion of what is presented to the grate that passes 
through. The fine particles (below the size at which Dmax occurs) follow the water 
and experience no classification i.e. maximum discharge, whilst the particles larger 
than the aperture size experience classification. 
The results for Dmax were averaged and standardised for each test to be modelled. 
This is graphically illustrated in Figure 46 which shows discharge as a function of mill 
load and Figure 47 which represents the standardised discharge as a fraction of 
Dmax. 
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Figure 46 Discharge as a Fraction of Mill load (Aperture 2, Tests 1, 2 and 5) 
 
Figure 47 Classification as a Fraction of Dmax 
This transformation was conducted on all the test results and a regression analysis 
was undertaken on the factors of size (mm), ball charge (%), ore filling (%) and mill 
speed (%CS). The results are summarised in Table 29 and Table 30 below.  
Table 29 Aperture Classification Regression Summary 
|R| 0.921 
R2 0.849 
R2 adjusted 0.848 
Standard Error 0.149 
# Points 881 
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Table 30 Aperture Classification Regression Equation 
Discharge Maximum (%) = b0 + b1*Size + b2*Size*Size + b3*Speed*Aperture + 
b4*Aperture*Size + b5*Ore Filling*Ball 
Coefficient Value P value Std Error -95% 95% t Stat VIF 
b0 1.04 0 0.0149 1.01 1.07 69.7  
b1 -0.118 2.92E-153 0.00361 -0.125 -0.110 -32.6 16.2 
b2 0.00378 1.24E-70 0.000194 0.00340 0.00416 19.5 14.2 
b3 -0.00514 9.20E-09 0.000886 -0.00688 -0.00340 -5.80 1.44 
b4 -0.0429 1.61E-05 0.00990 -0.0623 -0.0234 -4.36 3.06 
b5 0.000124 0.0641 6.67E-05 -7.28E-06 0.000255 1.85 1.01 
 
𝑪𝒊 = 𝟏. 𝟎𝟒𝟐 − 𝟎. 𝟏𝟏𝟖. 𝑺𝒊 + 𝟎. 𝟎𝟎𝟑𝟕𝟖. 𝑺𝒊
𝟐 − 𝟎. 𝟎𝟎𝟓𝟏𝟒. 𝑪𝑺. 𝑹𝑷 − 𝟎. 𝟎𝟒𝟐𝟗. 𝑹𝑷. 𝑺𝒊 + 𝟎. 𝟎𝟎𝟎𝟏𝟐𝟒𝑭𝒐. 𝑭𝒃 
 
    4.6 
 
Where,  
Ci is Classification ratio defined as the passing fraction of Dmax (the load 
presented to the aperture)  
RP is aperture radial position  
CS is critical speed (%) 
Si is the particle size (mm) 
 
Figure 48 Aperture Classification Normality Plot 
 
The data may violate normality which suggests that the coefficients might not be 
significant for calculating confidence intervals for forecasts. The normal distribution 
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predictions in such to minimize mean squared error. However this does indicate 
need for better model in order to achieve this, therefor mechanistic fluid flow model 
would be required as discussed throughout this work.   
Violations of normality create problems for determining whether model coefficients 
are significantly different from zero and for calculating confidence intervals for 
forecasts. Sometimes the error distribution is "skewed" by the presence of a few 
large outliers. 
Although the correlation was not quite as strong as the previous regressions this is 
due to the reconstructed mill load distribution at the time of the test. This could be 
improved by applying a non-linear load evolution based on the work by Vijayakumar 
(2015 expected). However the trends still have some predictive capabilities and 
provide insight into the grate classification which has been lacking in previous 
research. This is best illustrated by the surface plot represented in Figure 49. 
 
 
Figure 49 Aperture Classification Regression Surface Plot 
The apertures closer to the mill edge have a slightly coarser discharge, this is 
believed to be due to two major factors. The mill could be experiencing segregation 
with a larger concentration of coarser particles found at the mill edges. Also the outer 
apertures have an increased pressure head which may force the larger particles 
through the mill aperture whilst the higher apertures do not have enough force to 
push through the resistance posed by the charge and aperture opening.  
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The classification follows a similar trend to that presented in the literature with a few 
significant differences. The aperture position has a small effect on the classification, 
with a marginal increase in the number coarse particles passing the grate. The size 
of particle at which no classification occurs (Dmax) is much larger than literature 
suggests. Within literature and the JK SAG mill model Dmax is estimated at 0.5mm 
particle size. The classification is over a narrow size range, above which no particles 
pass through determined by the aperture size) and below which all particles 
presented to the aperture pass through the aperture.  
4.8 Aperture Comparison to Current JK SAG Model 
Only the classification function was compared to the JK SAG model, as the 
discharge rate and Dmax functions in the JK SAG model are linked and determined 
by an iterative ‘guess and check’ function to satisfy Austin’s estimation of mill 
contents found in equation 2.14. Hence the comparison to the current JK SAG model 
cannot be achieved without a flowrate through the mill - which isn’t applicable to 
these batch tests. However these tests can provide a framework for a more 
mechanistic model for discharge rates. The surface plots of the classification data 
have been compared to the findings for the three mid-point tests (test 1, 2 and 5). A 
mean value for test 1, 2 and 5’s experimental results has taken to compare to model 
predictions. 
Figure 50 and Figure 51 show the new model is superior in predicting the 
classification of the data. Comparing the experimental data to the previous and new 
model highlights the shortcomings of the former. In the JK SAG model the 
classification function is set and does not change in relation to mill conditions. The 
Point at which no classification is achieved is default set to 0.5mm in JK SAG whilst 
this new data indicates it actually occurs around 1.18mm (this is consistent 
throughout the tests). Also we can see it over-predicts the fraction of larger particles 
and under predicts fine particles in the classification range.  
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Figure 50 Mid-Point (A3) Classification Model Comparison 
 
 
Figure 51 Mid-Point (A2) Classification Model Comparison 
 
Figure 52 shows the classification comparison for A1 (radial position 0.11). It shows 
an improvement on the previous model, however it does not capture the coarse end 
of the discharge. For the lower fillings the model predictions are more accurate 
however the higher fillings the coarse particles pass through the grate with less 
restriction. It is theorised that the increased pressure head on the lower aperture 
pushes coarser particles through the aperture. Based on the current theory, 
improved accuracy would result from investigating slurry level and aperture depth in 
the mill. Also a more accurate measure of mill load would greatly increase accuracy, 
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the predicted mill load particularly in the range of below 4.75mm-1.18mm has the 
largest error due to the reconstruction of the mill contents with time.   
 
Figure 52 Mid-Point (A1) Classification Model Comparison 
 
 
4.9 Conclusions on Aperture Discharge and Regression Model 
Based on the findings and developed regression models it is now possible to fully 
predict the data from the mill load, operating conditions and grate configuration given 
by the position of the apertures (20 mm) using the developed functions. The 
predictions are all based on the slurry fully filling the charge voidage, the relative 
slurry level within the charge is not investigated in this work. The accuracy of these 
predictions obviously lessens when compiled as the error in each of the models is 
cumulative. However the trends and overall relationships observed are realistic and 
with further analysis the error can be reduced further. It should be also noted that 
currently this model is only valid when assessing 20 mm aperture discharge at 70% 
solids and further test programs are required to input aperture size as a model 
variable. This is explored more in the pebble port section of this thesis. 
The model requires the operating conditions; ball charge (%), ore filling (%) and mill 
speed (%CS) as well as the mill load size distribution and grate configuration. With 
these the calculation sequence is as outlined below: 
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Calculate aperture discharge for each 20 mm aperture on the mill using the 
regression equation: 
 
 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 665 + 184. 𝐹0 − 602. 𝐹𝑜 . 𝑅𝑃 + 31704. 𝑅𝑃
2 − 12540. 𝑅𝑃 + 2.13𝐹𝑜
2 
 
Using the calculated slurry discharge calculate the Dmax value for each aperture. 
This is done by inputting discharge and aperture location into: 
 
𝐷𝑚𝑎𝑥 = 0.017 + 6.83x10−6. 𝐷𝑠 − 0.118. 𝑅𝑃 + 0.203. 𝑅𝑃
2 − 4.93𝑥10−10. 𝐷𝑠
2 
 
Finally the classification function is used to calculate the portion of Dmax exiting the 
mill for each size class. This is done for all apertures. This is done by inputting the 
operating variables and Dmax value into equation shown below: 
𝐶𝑖 = 1.042 − 0.118. 𝑆𝑖 + 0.00378. 𝑆𝑖
2 − 0.00514. 𝐶𝑆. 𝑅𝑃 − 0.0429. 𝑅𝑃. 𝑆𝑖
+ 0.000124𝐹𝑜 . 𝐹𝑏 
 
 
This model provides acceptable predications, but has several limitations which are 
listed below: 
 Currently accurate only around 70% discharge solids 
 Range of fillings between 4%-29% 
 20 mm aperture size 
 Requires an accurate mill load size distribution 
 Accurate for a 1.8m x 0.3m Pilot mill  
 
With further model development the findings in this thesis have the potential to 
provide accurate predictions for both discharge rates and size distributions. The work 
has identified and quantified the effects of the operational variables for a 1.8m pilot 
mill with full mill size distributions - which has never been achieved previously. One 
limitation lies in the equations can be broken down further into a more mechanistic 
format. In future works it would be recommended the equations are explored through 
fluid mechanics as to achieve a fully mechanistic relationship. This would involve 
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such operations as relating each aperture position to its corresponding slurry depth. 
This would involve in-depth knowledge into the charge shape to find the depth of 
each aperture as it rotates around the mill. Viscosity of the slurry could be used over 
the solids percentage. By achieving this each flow through an aperture would be 
expressed as a function of pressure head. 
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5 Pebble Port Tests 
This section outlines the findings and conclusions drawn from the pebble port test 
program.  
5.1 Pebble Port Discharge  
The pebble port discharge tests have more sources for experimental variation due 
to:  
 Discharge tests had much larger variation in solids percentage (particularly in 
60x80 mm tests) 
 Shorter sample time (20 seconds) 
The solids were kept within 70-80% for all tests excluding the 60x80 mm test in 
which it was not adequately controlled, so this may have the effect of lessening the 
discharge for these tests due to the increased flow resistance and lower slurry levels 
in the mill. 
The trends observed closely followed those of the aperture tests, with the most 
significant variable being the aperture position.  
Since only a few selected tests were fully sized the solids percentage was estimated 
for the tests in-between the known values. 
The solids percentage in the 60x80 mm test program was estimated to just below 
80% solids. During the test additional water was added (3L) which had the effect of 
lowering the solids percentage to around 71%. This also had the subsequent effect 
of increasing the flow rate from 7kg of slurry to just over 10kg of discharge. Overall 
discharge trends are therefore hard to model accurately, so a full test program with 
consistent slurry level is required to be undertaken to build an accurate model. 
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Figure 53 Pebble Port Discharge Tests 
 
The results in Figure 53 show that the discharge was not strongly related to the 
pebble port size. It is theorised that the discharge was restricted in the larger ports 
due to: 
 The larger ports had slurry removed from the full sizing tests 
 The solids percentage was higher and therefor had increased resistance of 
flow through the charge and grate 
 The charge itself becomes a limiting factor as the aperture is large. It is the 
larger rocks in the load that provide the majority of the resistance at the port. 
 
The major limitation is thought to be the charge limiting flow through the port. This is 
illustrated in Figure 54. 
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Figure 54 Charge Limiting Flow 
It is proposed that the larger rocks in the charge block the majority of the port only 
allowing flow through the gaps between particles. This restricts the flow from the port 
and the effective open area, therefore the flow is reduced and classification is more 
complex than a simple scale up from the smaller apertures. Although this is reflected 
in the numeric results it is currently just a theory and has not been specifically 
experimentally or visually investigated.  
The pebble port tests were analysed independently from the aperture tests using 
regression analysis to give an estimation of aperture position and size effect on 
discharge.  The results are summarised in Table 31 and Table 32. 
 
 
Table 31 Pebble Port Discharge Regression Summary 
|R| 0.975 
R2 0.950 
R2 adjusted 0.943 
Standard Error 3480 
# Points 19 
Precision Index 30.8 
 
Page 101 
 
Table 32 Pebble Port Discharge Regression Equation 
Discharge = b0 + b1*Port Position + b2*Aperture size 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 39622 3.55E-09 3430 32300 46900 11.5 
 b1 -155591 8.45E-12 8970 -175000 -137000 -17.3 1.01 
b2 2.09 0.0363 0.917 0.151 4.04 2.28 1.01 
 
𝑫𝒔 = 𝟑𝟗𝟔𝟐𝟐 − 𝟏𝟓𝟓𝟓𝟗𝟏. 𝑹𝑷 + 𝟐. 𝟎𝟗 𝐏𝐬 5.1 
 
  
 
Where, Ds is port slurry discharge (g/min) 
   Ps is the port open area (mm2) 
   RP is radial position of the port (see equation 3.1) 
 
 
Figure 55 Predicted Discharge vs. Experimental Discharge 
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Figure 56 Pebble Port Discharge Normality Plot 
The data shows a good indication that the data is normally distributed. This indicates 
the fit of data is reasonable and the significant factors and their coefficients are 
reasonable within the data set.  
 
 
 
Figure 57 Pebble Port Regression Surface Plot 
Overall the trend can be considered reasonable; the aperture size has a smaller 
impact on discharge as the ports increase in size. As noted, this may be due to the 
flow restrictions imposed by the mill charge itself. 
5.2 Pebble Port Discharge Size Distribution 
The mill hold up distributions stayed consistent in the larger size factions due to the 
absence of steel grinding media, however breakage at smaller size fractions was still 
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quite prominent. This is due to the rock-rock collisions in the mill not having sufficient 
energy to achieve impact breakage of the largest particles whilst the finer particles 
are broken by abrasion and impact breakage.  This is supported by Figure 58 below: 
 
Figure 58 Pebble Port Mill Hold Up Distributions 
 
For all the tests the size distributions had minor differences. The key difference 
observed was the lower aperture had a marginal increase in the discharge of coarse 
particles. This is illustrated in Figure 59 which shows the size distribution for the 
50x80 mm aperture tests (P1, P2 and P3 are radial positions 0.023, 0.122 and 0.233 
respectively). 
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Figure 59 Pebble Port Discharge Size Distribution (50x80mm) 
When the discharge rate, as a percentage of mill load, is analysed it shows that the 
size at which Dmax occurs has not statistically changed from that of the aperture 
tests. Both the aperture tests and pebble port tests show that the Dmax value is 
achieved close to the 1.18mm size fraction. This is due to the resistance of the 
charge, although the aperture is much bigger now and theoretically the Dmax size 
value should increase to suit, the larger ore particles block the majority of the 
aperture (Figure 54) as they are pressed up against it. However, the classicisation of 
particles occur over a larger range to that of the aperture tests as although the 
charge is blocking the port there is still a possibility for very large particles to pass 
through. These effects are shown graphically in Figure 60. 
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Figure 60 Pebble Port Discharge Rate as a Fraction of Mill Load/min 
5.3 Maximum Aperture Discharge Relationship 
A statistical analysis was conducted on the maximum discharge (% of mill load) to 
identify key factors. 
 
Table 33 Pebble Port Dmax Regression Summary 
|R| 0.998 
R2 0.995 
R2 adjusted 0.994 
Standard Error 0.00295 
# Points 6 
 
 
Table 34 Pebble Port Dmax Regression Equation 
Dmax = b0 + b1*Slurry Discharge 
 Coefficient  Value P value Std Error -95% 95% t Stat 
b0 0.000206 0.938 0.00248 -0.00668 0.00709 0.0830 
b1 8.46E-06 7.88E-06 2.86E-07 7.66E-06 9.25E-06 29.5 
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Dmax = 0.000206 + 8.46x10−6. Ds 5.2 
 
     
Where, Dmax is the fraction of the load presented to the aperture (min-1) 
   Ds is the port slurry discharge (g/min)  
 
The regression analysis indicates a high level of accuracy however the number of 
sample points was significantly reduced compared to the aperture tests with no 
repeats. This was due to the test only sizing down to a size of 4.75mm for the 
majority of the samples taken (see test procedure). Only 6 samples were fully sized 
for the pebble port tests and the results are illustrated in Figure 61 and Figure 62. 
 
Figure 61  Pebble Port Dmax Experimental Values against discharge 
 
 
Figure 62 Pebble Port Dmax Predicted Vs Experimental 
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Due to the high correlation between slurry discharge (g/min) and Dmax the 
regression equation was used to predict the remaining samples that were not fully 
sized.  
Table 35 Calculated Dmax for Pebble Port Tests 
Port Size 
(mm) 
Radial 
Position 
Discharge 
(g/min) 
Predicted 
Dmax 
30x80 0.233 40680 34.5% 
30x80 0.122 39030 33.0% 
30x80 0.017 40032 33.9% 
30x80 0.017 30093 25.5% 
30x80 0.017 10923 9.3% 
30x80 0.022 51366 43.5% 
40x80 0.122 27288 23.1% 
40x80 0.233 8814 7.5% 
40x80 0.233 8040 6.9% 
40x80 0.233 10350 8.7% 
50x80 0.233 13146 11.1% 
50x80 0.122 27225 23.1% 
50x80 0.023 42960 36.3% 
50x80 0.122 46455 39.3% 
50x80 0.233 45054 38.1% 
60x80 0.233 13668 11.7% 
60x80 0.033 47310 40.2% 
60x80 0.122 20067 17.1% 
60x80 0.122 30780 26.1% 
60x80 0.122 29466 24.9% 
 
The values for the coefficient of determination was high (R2 of 0.995), indicating a 
good predictive fit for the data, the calculated Dmax values were assumed to be 
accurate for further analysis. (Although the coefficient of determination is high due to 
the low numbers of samples the prediction has the possibility of yielding incorrect 
predictions if any significant mechanism of discharge was no captured by the 
experiments). 
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5.4 Classification function 
The results for Dmax were averaged and standardised for each test as to be 
modelled. Following the same procedure as the aperture classification function the 
discharge for each size fraction of each test was converted into a function of Dmax. 
The classification function was derived from the experimental data and the 
calculated Dmax values. A regression analysis on the radial position, aperture size 
and particle size was undertaken to predict the classification function.  
 
 
Table 36 Port Classification Regression Summary 
|R| 0.954 
R2 0.909 
R2 adjusted 0.908 
Standard Error 0.115 
# Points 236 
 
Table 37 Classification Regression Equation 
Discharge Maximum (%) = 
 b0 + b1*Size + b2*Size*Size + b3*Radial Position + b4*Aperture Size*Size 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 1.06 6.69E-138 0.0187 1.027 1.100 56.9  
b1 -0.044 4.95E-69 0.00173 -0.047 -0.0406 -25.4 15.7 
b2 0.000456 9.72E-35 3.12E-05 0.000395 0.000518 14.6 13.2 
b3 -0.523 1.41E-08 0.089 -0.699 -0.348 -5.88 1.04 
b4 6.95E-07 0.0264 3.11E-07 8.21E-08 1.31E-06 2.23 3.30 
 
𝑪𝒊 = 𝟏. 𝟎𝟔 − 𝟎. 𝟎𝟒𝟒. 𝑺𝒊 + 𝟎. 𝟎𝟎𝟎𝟒𝟓𝟔. 𝑺𝒊
𝟐 − 𝟎. 𝟓𝟐𝟑. 𝑹𝑷 + 𝟔. 𝟗𝟓 ∗ 𝟏𝟎−𝟕𝐏𝐬. 𝑺𝒊     5.3 
 
Where,  
Ci is Classification ratio defined as the passing fraction of Dmax (the load 
presented to the aperture) 
Ps is the port size (mm2)  
RP is port radial position  
Si is the particle size (mm) 
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Figure 63 Pebble Port Classification Normality Plot 
 
The data shows a good indication that the data is normally distributed. This indicates 
the fit of data is reasonable and the significant factors and their coefficients are 
reasonable within the data set.  
 
The results support the findings of the aperture tests being that radial position and 
particle size are key variables. The prediction shows logical trends however a large 
amount of error is still present. The error is due to the short sample times and 
prediction of the mill load. The error is illustrated in Figure 64. 
 
Figure 64 Predicted Classification Ration Vs. Experimental 
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The pebble port tests have a better prediction of mill load due to the lower grinding 
rates which increases the stability of the load. However this is partially counteracted 
by the large increase in discharge which decreases the load consistency.  
The same effects are observed in both the aperture and pebble port tests. As the 
radial position decreases a small increase in coarse particles discharge is observed 
and similarly as the aperture size increases so does the top size. It is hypothesised 
that due to the crowding effect at the port as the open area increases the particles 
are restricted not by the grate but by the charge. This effect was explained in section 
5.1 and illustrated in Figure 54. Another effect driving the coarser discharge at lower 
radial positions is the increased pressure head which may force the larger particles 
through the grate whist the higher radial positions do not have enough force to push 
through the resistance posed by the charge and grate. 
This data supports the findings that aperture position does effect the classification 
(notably in the coarser particles in the discharge); the value at which no classification 
occurs is much larger than literature suggests; with classification occurring over a 
size range from tis size to about the port aperture width   
The results are illustrated in Figure 65 and Figure 66. 
 
Figure 65 Pebble Port Classification Regression Surface Plot (Radial Position) 
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Figure 66 Classification Pebble Port Classification Regression Surface Plot (Port size) 
 
5.5 Pebble Port Comparison to JK SAG Model 
The surface plots of the classification data have been compared to the findings for 
the pebble port experiments and the JK SAG model. The models have been 
compared to the port at radial position 0.233 as it had the most complete 
experimental sizing data. As discussed the pebble port tests had larger fluctuation 
with less repeat tests and this is reflected in the variability of the experimental 
results.  
The rigid pebble discharge model of the JK SAG model is a clear limitation. Although 
it can be adjusted manually to suit a data set it provides no adjustment of the 
classification function based on operating parameters such as aperture radial 
position. The new model indicates a better fit in terms of where the classification 
starts and finishes throughout all the tests. These effects are illustrated in Figure 67, 
Figure 68 and Figure 69. 
 
9
0
0
1
5
0
0
2
1
0
0
2
7
0
0
3
3
0
0
0.0
0.2
0.4
0.6
0.8
1.0
0
0
.0
9
0
.1
8
0
.3
6
0
.7
1
1
.4
2
2
.8
5
.6
1
1
.2
2
2
4
5
Aperture Size (mm2)
C
la
ss
if
ic
at
io
n
  
(r
at
io
 o
f 
D
m
ax
)
Size (mm)
0.8-1.0
0.6-0.8
0.4-0.6
0.2-0.4
0.0-0.2
Page 112 
 
 
Figure 67 30x80mm Pebble Port Classification Model Comparison (RP of 0.233) 
 
Figure 68 40x80mm Pebble Port Classification Model Comparison (RP of 0.233) 
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Figure 69 50x80mm Pebble Port Classification Model Comparison (RP of 0.233) 
 
5.6 Conclusions on Pebble Port Discharge and Regression Model 
Through the analysis of the pebble port test program and results regression models 
for the discharge rate, material presented to the grate (Dmax) and the classification 
function have been developed.  
The observed trends and overall relationships are realistic and with further 
supplementary pilot tests the error can be reduced. The key limitations of the models 
are its smaller sample scope to that of the aperture tests. 
The model requires the operating conditions; ball charge (0%), ore filling (17%) and 
mill speed (75%CS) as well as the mill load size distribution and grate configuration. 
With these the calculation sequence is as outlined below: 
Calculate port discharge for each pebble port on the mill using the regression 
equation: 
𝑫𝒔 = 𝟑𝟗𝟔𝟐𝟐 − 𝟏𝟓𝟓𝟓𝟗𝟏. 𝑹𝑷 + 𝟐. 𝟎𝟗 𝐏𝐬  
 
Using the calculated slurry discharge calculate the Dmax value for each port. This is 
calculated from the discharge rate (g/min) via the equation below:  
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𝑫𝒎𝒂𝒙 = 𝟎. 𝟎𝟎𝟎𝟐𝟎𝟔 + 𝟖. 𝟒𝟔𝒙𝟏𝟎−𝟔. 𝑫𝒔 
 
Finally the classification function is used to calculate the portion of Dmax exiting the 
mill for each size class. This is done for all apertures. This is done by inputting the 
operating variables and Dmax value into equation shown below: 
𝑪𝒊 = 𝟏. 𝟎𝟔 − 𝟎. 𝟎𝟒𝟒. 𝑺𝒊 + 𝟎. 𝟎𝟎𝟎𝟒𝟓𝟔. 𝑺𝒊
𝟐 − 𝟎. 𝟓𝟐𝟑. 𝑹𝑷 + 𝟔. 𝟗𝟓 ∗ 𝟏𝟎−𝟕𝐏𝐬. 𝑺𝒊 
 
This model provides acceptable predications but has several limitations which are 
listed below: 
 Currently accurate only around 70% discharge solids 
 Operating conditions of; ore filling at 17% and mill speed of 75% CS 
 Requires an accurate mill load size distribution 
 
With further model development the findings in this thesis have the potential to 
provide accurate predictions for both discharge rates and size distributions. The work 
has identified and quantified the effects of the operational variables at a 1.8m pilot 
scale with full mill size distributions - which has never been achieved previously.   
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6 Combined Aperture and Pebble Port Regression 
Modelling  
This section combines the results of both the apertures and pebble port test 
programs into one discharge model. It provides regression models to predict the 
discharge from the mill load, operating conditions and grate configuration (including 
aperture size and position) using the developed functions. 
The trends and overall relationships observed are realistic and with added data and 
further analysis the error can be reduced further. This model has the limitations of 
both the aperture tests and pebble port tests.  The pebble port predictions will lose 
accuracy outside of the base case of 17% ore filling, 75% critical speed and 0% ball 
load as it assumes the same response as apertures for these operating conditions.  
 
6.1 Combined Discharge Model 
A regression analysis was conducted using, ore filling (%), ball charge (%), critical 
speed (%), aperture radial position and size as factors and slurry discharge as the 
output. The results are summarised by the below tables and figures.  
Table 38 Combined Discharge Regression Summary 
|R| 0.976 
R2 0.953 
R2 adjusted 0.950 
Standard Error 2790 
# Points 92 
 
Table 39 Combined Discharge Regression Equation 
Discharge = b0 + b1*Ore Filling*Aperture Size + b2* Radial Position *Aperture Size + 
b3*Aperture Size*Aperture Size + b4*Ore Filling 
Coefficient Value P value Std Error -95% 95% t Stat VIF 
b0 1880 0.0236 814 258.4 3490 2.30 
 b1 1.11 9.28E-31 0.0623 0.986 1.23 17.8 25.0 
b2 -38.6 1.91E-45 1.37 -41.2 -35.8 -28.1 2.14 
b3 -0.00149 3.76E-08 0.000246 -0.00197 -0.000997 -6.04 24.7 
b4 -202. 7.32E-05 48.6 -299 -106 -4.17 1.20 
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𝑫𝒔 = 𝟏𝟖𝟖𝟎 + 𝟏. 𝟏𝟏𝐅𝐨. 𝑨𝑺 − 𝟑𝟖. 𝟔 𝑹𝑷. 𝑨𝑺 − 𝟎. 𝟎𝟎𝟏𝟒𝟗𝑨𝑺
𝟐 − 𝟐𝟎𝟐𝑭𝒐   6.1 
 
Where, Ds is aperture slurry discharge (g/min) 
   As is the aperture/port area (mm2) 
   RP is radial position of the aperture (see equation 3.1) 
  Fo is ore filling (%) 
 
 
Figure 70 Combined Model Predicted Discharge versus Discharge  
Overall there is a good model trend, however the scatter is large for the pebble port 
tests and its accuracy should be considered as a trend only and not used for 
predictive modelling.  This is due to the limitations of combining the models and also 
the reduced test sample times. The coefficient of determination (R2) is skewed on 
this model due to the proportional number of data points with low discharge (aperture 
tests) whilst the error in this section is quite low however in pebble port predictions 
the error is large.  
 
Figure 71 Pebble Port Regression Surface Plot 
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Overall the trend can be considered reasonable but does not fully capture the 
aperture size effect becoming less prominent at very large aperture size.  
6.2 Dmax Function 
A statistical analysis was conducted on the maximum discharge (% of mill load) with 
the complete data set of aperture and pebble port tests. The results are outlined in 
Table 40 below:  
Table 40 Combined Dmax Regression Summary 
|R| 0.980 
R2 0.960 
R2 adjusted 0.957 
Standard Error 0.00408 
# Points 101 
 
 
Table 41 Combined Dmax Regression Equation 
Discharge Maximum (%) = b0 + b1*Discharge + b2* Radial Position + b3* Radial 
Position * Radial Position + b4* Radial Position *Discharge + b5*Discharge*Aperture 
Size + b6* Radial Position *Aperture Size 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 0.0223 2.14E-24 0.00161 0.0191 0.0255 13.8 
 b1 2.94E-06 6.80E-16 3.02E-07 2.34E-06 3.54E-06 9.73 20.4 
b2 -0.127 4.55E-12 0.0161 -0.159 -0.0954 -7.92 21.9 
b3 0.206 5.77E-06 0.0428 0.121 0.291 4.80 18.7 
b4 6.41E-06 0.00786 2.36E-06 1.72E-06 1.11E-05 2.71 14.1 
b5 -1.78E-10 0.00759 6.48E-11 -3.05E-10 -4.81E-11 -2.72 16.4 
b6 -2.05E-05 0.0194 8.63E-06 -3.76E-05 -3.38E-06 -2.37 9.22 
 
𝐃𝐦𝐚𝐱 = 𝟎. 𝟎𝟐𝟐𝟑 + 𝟐. 𝟗𝟒𝐱𝟏𝟎−𝟔𝐃𝐬 − 𝟎. 𝟏𝟐𝟕. 𝐑𝐏 + 𝟎. 𝟐𝟎𝟔𝐑𝐏
𝟐 
+𝟔. 𝟒𝟏𝐱𝟏𝟎−𝟔𝑹𝑷. 𝑫𝒔 − 𝟏. 𝟕𝟖𝐱𝟏𝟎
−𝟏𝟎𝑫𝒔. 𝑨𝒔 − 𝟐. 𝟎𝟓𝐱𝟏𝟎
−𝟓. 𝑹𝑷. 𝑨𝒔 
6.2 
 
 
   
Where, Dmax is the fraction of the load presented to the aperture 
  Ds is the aperture/port slurry discharge (g/min) 
  RP is aperture radial position 
 As is the aperture/port area (mm2) 
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Figure 72 Combined Model Predicted Dmax versus Dmax 
 
The significant variables were aperture position and slurry discharge. The major 
sources of error in this analysis would come from the estimated mill hold up as any 
errors in estimating the discharge as a fraction of the mill load carries through into 
this regression analysis. This error is most prominent in the aperture tests with the 
highest discharge rates. The reason for this is the uncertainty in the mill load is 
greatest in these tests. The pebble port tests had the advantage of being run as AG 
(no steel media) this allowed a better prediction of mill load size distributions. This 
model, although its prediction is good, is empirical and is only accurate inside the 
range of the tested variables. The trends predicted by the equation do not 
extrapolate outside this range.  
 
6.3 Classification Function 
The classification function was derived from the full set of experimental data and the 
calculated Dmax values. A regression analysis on the particle size (mm), ball charge 
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was undertaken to predict the classification function.  
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Table 42 Combined Classification Regression Summary  
|R| 0.901 
R2 0.811 
R2 adjusted 0.810 
Standard Error 0.168 
# Points 1120 
 
 
Table 43 Combined Classification Regression Equation 
Discharge_(%)_of_max = b0 + b1*Size + b2*Size*Size + b3*Size*Height + b4*Height + 
b5*Radial Position*Size + b6*Radial Position + b7*Height*Height 
 Coefficient  Value P value Std Error -95% 95% t Stat VIF 
b0 0.497 3.23E-16 0.06 0.380 0.615 8.29 
 b1 -0.0741 6.33E-254 0.00164 -0.0773 -0.0708 -45.2 11.8 
b2 0.000805 6.61E-96 3.50E-05 0.000736 0.000874 23.0 10.1 
b3 0.000326 1.11E-12 4.52E-05 0.000237 0.000415 7.12 17.5 
b4 0.0345 7.44E-17 0.00407 0.0265 0.04240 8.47 86.4 
b5 -0.00930 0.0884 0.00545 -0.0200 0.00140 -1.70 3.22 
b6 -0.579 5.50E-18 0.0658 -0.708 -0.450 -8.79 1.36 
b7 -0.000415 2.55E-13 5.60E-05 -0.00052 -0.000305 -7.40 90.3 
 
𝑪𝒊 =  𝟎. 𝟒𝟗𝟕 − 𝟎. 𝟎𝟕𝟒𝟏𝑺𝒊 + 𝟎. 𝟎𝟎𝟎𝟖𝟎𝟓. 𝑺𝒊
𝟐 + 𝟎. 𝟎𝟎𝟎𝟑𝟐𝟔𝐒𝐢𝐇 + 𝟎. 𝟎𝟑𝟒𝟓𝐇 
−𝟎. 𝟎𝟎𝟗𝟑𝟎. 𝐑𝐏. 𝐒𝐢 − 𝟎. 𝟓𝟕𝟗𝐑𝐏 − 𝟎. 𝟎𝟎𝟎𝟒𝟏𝟓 𝐇
𝟐 
6.3 
 
       
 Where, Ci is the passing fraction of Dmax (the load presented to the aperture)  
  H is the aperture/port’s smallest dimension (mm)  
  RP is port radial position  
  Si is the particle size (mm) 
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Figure 73 Combined Classification Regression Model 
  
The classification model is the weakest in terms of prediction capabilities. This is due 
to the small amount of pebble port tests in comparison to aperture tests as well as 
the uncertainty in the mill load size distribution. The model shows the expected 
trends and responses to the parameters within the range of 31.5-0 mm however the 
accuracy of the results is poor in comparison to the individual tests.  
 
6.4 Combined Model Comparison to JK SAG model 
 
Figure 74 shows a comparison of the JK SAG model and the developed regression 
model. It has used the experimental data to predict the classification function for a 
mill at 17% ore filling and 75% critical speed and the grate arrangement found in 
Table 44. 
 
Table 44 Mill Parameters for Model Comparison 
Parameter Apertures Pebble Ports 
Open area (%) 50 50 
Radial position 0.122 0.233 
Size 20 mm 50x80 mm 
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Figure 74 Combined Classification Model Comparison 
 
The new model has a much better correlation to the actual data from the mill. This is 
as expected due to the known flaws in the JK SAG model which requires manual 
alteration in order to fit. As mentioned in Bailey, Lane et al. (2009) when using the JK 
SAG model parameters for the grate arrangement, such as the ratio of apertures to 
ports as well as their sizes, are artificially adjusted as to give the desired response. 
The new model shows it is possible to have better predictions for the classification 
with the new findings from this test program.   
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7 Conclusions and Limitations 
This thesis addressed the limited literature, understanding and established analytical 
techniques available to quantify the effects of discharge and classification in 
SAG/AG mills. An experimental approach for conducting discharge tests on a 1.8m 
pilot scale mill was developed. This lead to a large scale and extensive experimental 
program being carried out on a 1.8m SAG/AG pilot mill. The work analysed aperture 
position and size, as well as operating conditions of mill speed, total filling (%), ball 
load (%), and size distribution in relation to discharge and classification.  
The experimental program undertaken was extensive and large scale (for pilot plant 
studies) however it still has a number of limitations. The most significant of these is 
the non-steady state nature of the mill contents. Although kept as steady state as 
possible the mill contents are constantly evolving in a non-linear progression (which 
has been assumed in the load calculations). The most significant effect of this is 
observed in the higher ball load experiments whilst the AG mode tests this 
assumption had a higher validity.  
The initial mill distribution was constructed using two feeds, one being above 
4.75 mm and the other below. There was a notable shift with an excess of 3-
4.75 mm in the feed which had the effect of under predicting the discharge in this 
size range due its rapid breakage of this size fraction (non-linear).  
Another factor of the grinding rates was the increased slurry level in the mill, 
although minor. Each test had a constant water addition in order to maintain 70% 
slurry solids, but over the course of each test an increase by a few litres was 
observed. This effect was determined to be minor, however it did account for the 
slight increase in discharge for each of the repeat tests. 
These effects were all mitigated greatly by the short sample times. This was 
expected to be a limiting factor for test consistency however the data indicates that 
with the short sample times for the aperture and a to a lesser extent pebble port tests 
repeatability was achieved. The discharge rates of the pebble ports experienced 
fluctuations and further investigation would be recommended in this area, however 
the classification functions and size distributions show accuracy and repeatability.  
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The overall discharge results indicate that it is controlled by the ore filling in the mill 
and not related to total mill filling. Speed had a less defined effect but could 
potentially affect discharge. Discharge through an individual opening on the grate is 
driven by the factors of ore filling, radial position and the size of the aperture.  The 
discharge rate regression models are accurate for the aperture and pebble port tests 
independently. The co-joined model appears to predict with a high level of accuracy 
as well, however the more limited sample points for the larger aperture sizes has 
potential to hide some inaccuracies in predicting discharge rates in-between the size 
of the aperture and the smallest pebble port (314mm2 and 2400mm2). Also the 
variation in aperture shape from a circular aperture to a rectangular port is not 
explored within this model.   
The Dmax function, or fraction of the mill load presented to the grate, is controlled by 
the total discharge from the aperture and by a minor effect of aperture size and 
position. As the discharge increases the Dmax value shows an almost proportional 
increase. The developed Dmax regression equation predicts the data to high degree 
of accuracy within the range of the data however the regression trends outside the 
range do not show the correct correlation for aperture size and position. The major 
source of fluctuation in this is due to the solids percentage and the slurry level in the 
mill. By including this into the analysis the regression analysis should improve greatly 
in terms of predictability outside the data range.  Improvements to this equation and 
understanding will come from further analysis and ability to predict the mill load at a 
given time period. By knowing the exact mill contents this prediction is expected to 
increase in accuracy.  
The prediction of classification at the grate for both apertures and pebble ports has 
exceeded any previous research studies and show clear trends in relation to the 
radial position, aperture size and particle size. The classification function is the most 
complex in terms of experimental data collected and has the highest experimental 
fluctuations due to the evolving nature of the mill contents and small sample times. 
Again, with a longer sample time (particularly for pebble port tests) and increased 
repeats the predictive capabilities of the model is expected to improve. Similarly to 
the Dmax function, as the mill load prediction is improved, the accuracy and 
precision of the classification function will increase. The developed regression 
equations are limited by the functions used are regression only and although provide 
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insight into the mechanisms behind them does not explain them fully mechanistically. 
To achieve this, the functions should be explained in terms of fluid flow mechanics. 
By doing so, it allows a more comprehensive and mechanistic understanding of the 
forces acting on each apertures. However outside of the scope of this masters it is 
mentioned as future work to advance the understanding in AG/SAG mill discharge. 
The combined model shows promising results of the potential for a single discharge 
function for both small apertures and large ports, but at this stage is not as accurate 
or precise as the two individual models developed. This is something for future 
studies to investigate as the mechanisms for both aperture and pebble port 
discharge appears to coincide.  
The thesis has shown improvements to the previous AG/SAG mill discharge 
understanding in terms of discharge rates and grate classification in relation to mill 
load and operating parameters. An in-depth pilot scale test methodology that isolates 
the discharge function from transport has been developed and an extensive 
experimental program has been undertaken. Successful initial predictions for flow 
through the grate and its classification have been achieved and analysed. Finally the 
extensive material gained by conducting this study can be utilised in improvement of 
current and development of future mill discharge models.  
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8 Recommendations for Future Work 
Further work should be initially concentrated on replicating the work with known mill 
contents (similarly to the pebble port tests) and increased number of pebble port 
tests.  This will reduce the uncertainty in the data. In terms of scale-up, the trends 
observed within this data ideally can be used for larger scale operations. However 
the predictive functions would require further work with different sized mills and 
verified on a full scale operation. The data should be compared to full scale data 
from a greater database and used to upgrade the JK SAG model to account for 
findings within this thesis. 
Although this thesis has shed light on a number of discharge mechanisms and 
factors the literature still lacks total understanding. Further pilot plant work would 
need to be conducted in the following areas: 
 Port and Aperture Shape  
 Charge Shape 
 Mill Contents Solids Percentage 
 Pulp lifter 
 Transport 
 Slurry level within the mill 
 Verify combined aperture/port model  
Also improvements to the current test methodology are outlined below: 
 Run future tests as AG 
o Mill load is more consistent and increased accuracy of mill load 
distributions 
o Ball charge shows little effect on discharge rates, without them test 
preparation time is reduced and manual handling is improved 
 Avoid coupling grind and discharge tests where possible for increased 
accuracy of mill load if practical to do so. 
Future research should aim to achieve relationships based on fluid mechanics as by 
doing so will allow a more mechanistic relationship to be formed. This could be done 
for example by using the pressure head acting on each aperture/port as the key 
variable on discharge. As the pressure head acting on the aperture changes during 
the rotation an in-depth understanding of charge shape and slurry level in the mill 
would be required.  
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10 Appendix  
10.1 Appendix A- Lab Scale Tests  
Equipment and Methodology 
 
The mill’s dimensions were measured and found to be: 
 
Dimension Length (mm) 
Diameter 300 
Depth 50 
 
The experimetns were carried out with the mill analysing the following variables: 
1. Variable Speed ( 12 RPMS) 
2. Mill Filling  
3. Flowrate (1L/min, 2.2L/min, 3L/min) 
4. Angle  
5. Perspex vs Metal Grate  
6. Aperture Size (1mm, 2mm, 3mm, 4mm) 
7. Open Area 
8. Pulp Lifter (Radial, Curved) 
9. Simulated Charge (Full, Half, None) 
These control variables were analysed based on the response variables: 
 Discharge Rate 
 Flowback 
 Carry Over 
Mill Speed 
 
The mill speed was tested based on 12 motor Herts (Hz) values which corrisponded 
to the following RPM’s and percentage of critical speed (CS%): 
Hz 10Hz 20Hz 25Hz 30Hz 35Hz 40Hz 45Hz 
RPM 10.9 25.5 32.9 40.3 47.5 54.4 61.5 
CS% 14.1 33 42.6 52.2 61.5 70.4 79.7 
 
Hz 47Hz 50Hz 53.3Hz 55Hz 60Hz 
RPM 64.9 69.3 72.7 78.0 84.0 
CS% 84.1 89.7 94.2 101.0 108.8 
 
Due to friction of the machine the RPM can not be directly calculating from the Hz 
without inspecting the machine and calibrating it. The RPM and consiquently the 
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percentage of critical speed was calculated by counting the revolutions over a given 
time period and converting to RPM. These were checked throughout the experiment 
to maintain consistency.   
N.B: It should be noted that on first start up of the mill the lower mill speeds 
experience large amounts of friction (often stoping the mill) and should be run on a 
higher speed for a few minutes before use, as the machine ‘warms up’ and reach 
these values only after this time. These values remain relatively constant over a long 
period after warm up and are consistant day to day.   
 
Mill Filling 
The mills operation has a large variable ‘slot’ at the back to maintain a mill filling. 
This was kept constant for most of the experiments unless stated other wise.  
 
N.B. However it must be noted that this filling varies slightly between each test 
slightly due to the increase or decrease of flowrate through the ‘slot’. At a constant 
‘slot’ discharge the mill filling remains the same however if the mill is in operation the 
slot discharge varies: 
 
𝑆𝑙𝑜𝑡 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 − (𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 + 𝐹𝑙𝑜𝑤𝑏𝑎𝑐𝑘 + 𝐶𝑎𝑟𝑟𝑦𝑜𝑣𝑒𝑟) 
 
Flowrate 
The flowrate was varied between three rates. These rates were roughly 1L/min, 
2.2L/min and 3L/min. 
N.B.  It should be noted that these values were not exactly replecated for each test 
however the actual flowrate was recoreded before each test and kept constant. 
 
Perspex and Metal Grates 
Two types of grate were used in this experiment (Perspex and metal grates). The 
metal grates all have an open area of 7% and four aperture sizes whilst the Perspex 
grate has an open area of 10.9% at 3mm aperture size.  
 
Aperture Size 
The aperture sizes explored in this experiment are 1mm, 2mm 3mm and 4mm. The 
3mm was used as a ‘base case’ and most of the other variables are only varied for 
this size. (the Perspex grate only has the one aperture size of 7%).  
 
Open area 
Open area was only explored through the difference in the 10.9% Perspex grate to 
that of the base 7% metal grate at 3mm aperture size.  
 
Pulp Lifter 
Only a single sized radial pulp lifters was used in the experiments 
 
Experimental Procedure 
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The experiments were carried out with a constant flow rate through each test by 
recording the flow before each test manually.  The mill was not operating and all of 
the discharge through the back of the mill was caught and measured over a set time 
period which was then converted to Litres per minute.  
 
Once the flow had been set the mill was then run to ‘warm up’. The RPM of the mill 
was then manual calculated and compared to that of the initial tests.  After this the 
initial height of the mill was recorded (not whilst operating).  
 
Following the speed checks the mill was then run at the 10Hz and allowed to come 
to steady state (1min).  Then at steady state the test was started by having a timer 
for 2mins and starting it once the discharge grate was at 9 O’clock position illustrated 
below: 
 
 
 
 
 
 
 
At this time the timer and the discharge catchment was started and put into place. 
After 5 seconds the flowback and carryover catchment vessels were set up (as with 
one person they cannot be all be placed simultaneously). After two minutes the 
discharge tray was removed and then at 2minutes and 5seconds the carryover and 
flowback vessels were removed (2minutes of operation time in place). 
The mass of discharge in each vessel was measured. This was then repeated for 
each of the different speeds. The level of the mill was recorded at a high discharge 
rate (about 60% CS) to observe the change due to discharge. 
This was repeated for each of the different flowrates and grate configurations.  
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Results 
It was found that a gap in the carry over discharge hole in the bottom of the lifter was 
responsible for most of the lifter filling during a rotation. The data from these tests 
were still used for the measurement of flowback and carryover.  
Mill Filling 
Even though the overflow slot at the back of the mill was kept constant since the 
discharge rates throughout the experiments varied the mill height was observed. The 
results showed a linear relationship between ‘slot discharge’ and mill height. (This 
was based off the Perspex mill experiments as they were the best for visual readings 
in the mill) 
 
Where, 
𝑆𝑙𝑜𝑡 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 − (𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 + 𝐹𝑙𝑜𝑤𝑏𝑎𝑐𝑘 + 𝐶𝑎𝑟𝑟𝑦𝑜𝑣𝑒𝑟) 
And the height corresponds to: 
Height 
(mm) 
Volume 
(cm3) 
Filling 
(%) 
20 93.1 2.86% 
30 169.2 5.20% 
40 257.7 7.93% 
50 356.2 10.96% 
60 462.9 14.24% 
70 576.6 17.73% 
80 696.0 21.41% 
90 820.4 25.23% 
100 948.7 29.18% 
110 1080.3 33.23% 
120 1214.5 37.35% 
130 1350.5 41.54% 
 
Flowrate Comparison 
Two flowrate comparison tests involving three flows were undertaken. These used 
flow rates of 3L/min, 2.2L/min and 1L/min for a 3mm Perspex and metal grate 
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configuration. Both tests indicate that as flowrate increases the discharge of the mill 
also increases.  
This is most likely due to two factors: 
 Increased mill filling for higher flowrates (see mill filling) 
 The inlet of water is faced towards the apertures of the grate which would 
give additional flow forces (the flow would also be pointing in the same area 
as the carryover slot in the lifter) 
Results below (see appendix for spread sheet): 
 
 
 
 
Aperture Size 
 
Four aperture sizes were explored which were 1mm, 2mm, 3mm, 4mm. 
 
The results are: 
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The results were similar for 2, 3 and 4mm grate sizes whilst the 1mm had slightly 
less discharge through the 25-85% CS region. This is due to the majority of the flow 
coming from the carryover slot in the lifter.  The interesting effect is that the wholes 
all seam 
0.00
100.00
200.00
300.00
400.00
500.00
600.00
700.00
0.00% 20.00% 40.00% 60.00% 80.00% 100.00% 120.00%
Fl
o
w
 (
m
L/
m
in
)
Critical Speed
Metal Grate, 2.2L/min, 55-51mm Filling
1mm Apperture
2mm Apperture
3mm Apperture
4mm Apperture
Page 137 
 
Grate Open Area and Material Comparison 
The Perspex grate has an initial discharge less than that of the metal grate but 
higher at the end. 
The results showed (see appendix for data): 
 
 
This is most likely due to: 
 Difference in flow through the apertures due to thickness and material of the 
grate 
 The Perspex grate seems to allow more flow through the apertures at higher 
speeds which allows more to report to the central discharge 
 The metal grate at higher speeds reports all of the discharge to the carry over. 
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Experimental Error 
The error in the experiment was determined by doing repeat tests at the same 
conditions. These were done not back. As the graph shows the experimental 
between the different runs indicate that discharge is consistent between tests.  
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Simulated Charge 
The simulated charge was used in the experiments as to stop flowback in the area of 
the charge. As a SAG/AG mill operates in industry the charge is situated along the 
side of the mill in the shape shown below (Morrison and Cleary 2004): 
 
By removing the top half of the simulated charge the flowback was captured for the 
full top section of the mill. Whilst removing the bottom half of the charge the flowback 
from this region reported back to the mill contents. The results are shown in the 
following graphs (for data see appendix Simulated Charge Data): 
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This first graph shows the effect on discharge. As to be expected the discharge is 
lowered by the removal of the simulated charge due to an increase in flowback. And 
the lower speeds seem to have a greater difference indicating that flowback 
decreases as mill speed increases. This is contradictory to that shown in the 
previous tests however may be explained by the physical aspects of the mill (see 
Blocked Carryover section). 
 
 
The second graph shows the flowback is high at low speeds and then a drop as it 
reaches 50-60% critical speed. This is then followed by a very large increase at 
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80%+ critical speeds.  Although this is the same point at which the carryover is 
dramatically increasing. This is explained by some of the carryover is reporting to the 
flowback section as described by the next section ‘Blocked Carryover’.   
The reason for the lower flowback for the lower speeds compared to that of the half 
charge is due to the fact that the flow back would be reporting back to the mill 
contents and not recorded as flowback. This can be roughly estimated by the 
reduction in discharge as the difference shown below: 
 
Since a large amount of flowback is actually due to the increase in carryover the 
tests indicate that by looking at the discharge function alone the change in flowback 
and carryover can be observed.  The amount of flowback in the region of 80%+ CS 
is still not accurate as it includes the increase due to carryover falsely reporting.    
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Flow Rate Comparison Data 
Perpex grate (3mm) Radial Lifter Flowrate 2.2L/min Filling 
55-
51mm Actual Flow (ml/min) 2216.667   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins 
Discharge 
ml/min Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 410.71 0.00 0.0 3.00 136.90 0.00 0.00 2079.76 54.3 
20 25.5 33.01% 1081.90 0.00 10.5 2.00 540.95 0.00 5.25 1670.47 52.5 
25 32.9 42.57% 1386.25 0.00 21.3 2.00 693.13 0.00 10.65 1512.89 51.8 
30 40.3 52.23% 1610.96 0.00 36.1 2.00 805.48 0.00 18.05 1393.14 51.3 
35 47.5 61.54% 1631.61 0.00 62.6 2.00 815.81 0.00 31.30 1369.56 51.2 
40 54.4 70.40% 1252.50 3.00 105.7 1.50 835.00 2.00 70.47 1309.20 50.9 
45 61.5 79.68% 1140.00 9.00 174.0 1.50 760.00 6.00 116.00 1334.67 51.0 
47 64.9 84.05% 1370.90 14.80 264.8 2.00 685.45 7.40 132.40 1391.42 51.3 
50 69.3 89.71% 1277.04 20.62 387.6 2.00 638.52 10.31 193.78 1374.06 51.2 
53.3 72.7 94.17% 1072.02 25.70 544.8 2.00 536.01 12.85 272.42 1395.39 51.3 
55 78.0 101.00% 940.05 29.59 615.5 2.00 470.03 14.80 307.74 1424.11 51.4 
60 84.0 108.77% 565.80 64.77 925.7 2.00 282.90 32.39 462.87 1438.52 51.5 
 
77.22888 
  
  
       
            
Perpex grate (3mm) Radial Lifter Flowrate 1 L/min Filling 
50-
46mm Actual Flow (ml/min) 985   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.1% 256.70 0.00 0.0 2.00 128.35 0.00 0.00 856.65 48.9 
20 25.5 33.0% 1403.80 9.00 15.1 3.00 467.93 3.00 5.03 509.03 47.4 
25 32.9 42.6% 1183.90 9.00 21.0 2.00 591.95 4.50 10.50 378.05 46.8 
30 40.3 52.2% 1295.40 10.70 35.6 2.00 647.70 5.35 17.80 314.15 46.6 
35 47.5 61.5% 1313.40 12.80 54.1 2.00 656.70 6.40 27.05 294.85 46.5 
40 54.4 70.4% 1285.50 14.10 93.6 2.00 642.75 7.05 46.80 288.40 46.4 
45 61.5 79.7% 1165.00 17.70 160.0 2.00 582.50 8.85 80.00 313.65 46.6 
47 64.9 84.1% 1042.10 19.80 196.0 2.00 521.05 9.90 98.00 356.05 46.7 
50 69.3 89.7% 1006.40 26.20 277.2 2.00 503.20 13.10 138.60 330.10 46.6 
53.3 72.7 94.2% 821.60 29.60 433.7 2.00 410.80 14.80 216.85 342.55 46.7 
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55 78.0 101.0% 695.00 33.40 530.1 2.00 347.50 16.70 265.05 355.75 46.7 
60 84.0 108.8% 277.10 78.60 860.0 2.00 138.55 39.30 430.00 377.15 46.8 
            
            
Perpex grate (3mm) Radial Lifter Flowrate 3 L/min Filling 
58-
55mm Actual Flow (ml/min) 2993   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 281.80 0.00 0.0 2.00 140.90 0.00 0.00 2852.10 57.7 
20 25.5 33.01% 1170.00 6.00 10.4 2.00 585.00 3.00 5.20 2399.80 55.7 
25 32.9 42.57% 1557.90 14.40 33.3 2.00 778.95 7.20 16.65 2190.20 54.8 
30 40.3 52.23% 1763.10 9.70 21.7 2.00 881.55 4.85 10.85 2095.75 54.4 
35 47.5 61.54% 1892.10 17.00 47.3 2.00 946.05 8.50 23.65 2014.80 54.0 
40 54.4 70.40% 1869.90 19.10 91.9 2.00 934.95 9.55 45.95 2002.55 54.0 
45 61.5 79.68% 1722.80 23.10 169.5 2.00 861.40 11.55 84.75 2035.30 54.1 
47 64.9 84.05% 1574.00 23.20 266.7 2.00 787.00 11.60 133.35 2061.05 54.2 
50 69.3 89.71% 1463.00 26.50 405.8 2.00 731.50 13.25 202.90 2045.35 54.2 
53.3 72.7 94.17% 1221.80 31.50 505.6 2.00 610.90 15.75 252.80 2113.55 54.5 
55 78.0 101.00% 1090.50 34.30 574.7 2.00 545.25 17.15 287.35 2143.25 54.6 
60 84.0 108.77% 639.30 93.40 928.3 2.00 319.65 46.70 464.15 2162.50 54.7 
            
            
Metal grate (1mm) Radial Lifter Flowrate 2.2 L/min Filling 
55-
52mm Actual Flow (ml/min) 2151   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 487.60 0.00 0.0 2.00 243.80 0.00 0.00 1907.20 53.6 
20 25.5 33.01% 943.70 2.00 9.8 2.00 471.85 1.00 4.90 1673.25 52.5 
25 32.9 42.57% 1059.30 2.00 15.2 2.00 529.65 1.00 7.60 1612.75 52.3 
30 40.3 52.23% 1081.70 2.00 32.0 2.00 540.85 1.00 16.00 1593.15 52.2 
35 47.5 61.54% 1080.60 4.00 57.6 2.00 540.30 2.00 28.80 1579.90 52.1 
40 54.4 70.40% 1050.00 8.00 116.0 2.00 525.00 4.00 58.00 1564.00 52.1 
45 61.5 79.68% 920.60 8.00 218.5 2.00 460.30 4.00 109.25 1577.45 52.1 
47 64.9 84.05% 839.30 8.30 266.1 2.00 419.65 4.15 133.05 1594.15 52.2 
50 69.3 89.71% 707.20 13.00 386.0 2.00 353.60 6.50 193.00 1597.90 52.2 
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53.3 72.7 94.17% 516.10 21.50 582.6 2.00 258.05 10.75 291.30 1590.90 52.2 
55 78.0 101.00% 361.90 23.30 683.4 2.00 180.95 11.65 341.70 1616.70 52.3 
60 84.0 108.77% 30.00 75.00 975.4 2.00 15.00 37.50 487.70 1610.80 52.3 
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Aperture Sizes Comparison Data 
Metal grate (1mm) Radial Lifter Flowrate 2.2 L/min Filling 
55-
52mm Actual Flow (ml/min) 2151   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 487.60 0.00 0.0 2.00 243.80 0.00 0.00 1907.20 53.6 
20 25.5 33.01% 943.70 2.00 9.8 2.00 471.85 1.00 4.90 1673.25 52.5 
25 32.9 42.57% 1059.30 2.00 15.2 2.00 529.65 1.00 7.60 1612.75 52.3 
30 40.3 52.23% 1081.70 2.00 32.0 2.00 540.85 1.00 16.00 1593.15 52.2 
35 47.5 61.54% 1080.60 4.00 57.6 2.00 540.30 2.00 28.80 1579.90 52.1 
40 54.4 70.40% 1050.00 8.00 116.0 2.00 525.00 4.00 58.00 1564.00 52.1 
45 61.5 79.68% 920.60 8.00 218.5 2.00 460.30 4.00 109.25 1577.45 52.1 
47 64.9 84.05% 839.30 8.30 266.1 2.00 419.65 4.15 133.05 1594.15 52.2 
50 69.3 89.71% 707.20 13.00 386.0 2.00 353.60 6.50 193.00 1597.90 52.2 
53.3 72.7 94.17% 516.10 21.50 582.6 2.00 258.05 10.75 291.30 1590.90 52.2 
55 78.0 101.00% 361.90 23.30 683.4 2.00 180.95 11.65 341.70 1616.70 52.3 
60 84.0 108.77% 30.00 75.00 975.4 2.00 15.00 37.50 487.70 1610.80 52.3 
            
            
Metal grate (2mm) Radial Lifter Flowrate 2.2 L/min Filling 
55-
52mm Actual Flow (ml/min) 2150   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 387.80 0.00 0.0 2.00 193.90 0.00 0.00 1956.10 53.8 
20 25.5 33.01% 1050.30 2.00 13.3 2.00 525.15 1.00 6.65 1617.20 52.3 
25 32.9 42.57% 1187.70 3.00 19.7 2.00 593.85 1.50 9.85 1544.80 52.0 
30 40.3 52.23% 1209.60 3.00 28.2 2.00 604.80 1.50 14.10 1529.60 51.9 
35 47.5 61.54% 1221.80 5.00 49.9 2.00 610.90 2.50 24.95 1511.65 51.8 
40 54.4 70.40% 1139.60 8.20 119.1 2.00 569.80 4.10 59.55 1516.55 51.8 
45 61.5 79.68% 1013.90 13.60 222.2 2.00 506.95 6.80 111.10 1525.15 51.9 
47 64.9 84.05% 909.10 16.90 274.5 2.00 454.55 8.45 137.25 1549.75 52.0 
50 69.3 89.71% 780.00 21.50 372.0 2.00 390.00 10.75 186.00 1563.25 52.1 
53.3 72.7 94.17% 548.40 27.90 585.4 2.00 274.20 13.95 292.70 1569.15 52.1 
55 78.0 101.00% 375.80 30.90 689.9 2.00 187.90 15.45 344.95 1601.70 52.2 
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60 84.0 108.77% 10.00 56.60 980.0 2.00 5.00 28.30 490.00 1626.70 52.3 
   
  
        
            Metal grate (4mm) Radial Lifter Flowrate 2.2 L/min Filling 57mm Actual Flow (ml/min) 2100   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 358.50 0.00 0.0 2.00 179.25 0.00 0.00 1920.75 53.6 
20 25.5 33.01% 1024.80 4.90 10.7 2.00 512.40 2.45 5.35 1579.80 52.1 
25 32.9 42.57% 1165.50 8.50 18.5 2.00 582.75 4.25 9.25 1503.75 51.8 
30 40.3 52.23% 1194.60 11.80 31.2 2.00 597.30 5.90 15.60 1481.20 51.7 
35 47.5 61.54% 1235.10 16.40 47.3 2.00 617.55 8.20 23.65 1450.60 51.6 
40 54.4 70.40% 1199.10 20.40 122.3 2.00 599.55 10.20 61.15 1429.10 51.5 
45 61.5 79.68% 1026.90 25.20 226.2 2.00 513.45 12.60 113.10 1460.85 51.6 
47 64.9 84.05% 953.60 25.20 273.1 2.00 476.80 12.60 136.55 1474.05 51.7 
50 69.3 89.71% 801.20 26.40 371.9 2.00 400.60 13.20 185.95 1500.25 51.8 
53.3 72.7 94.17% 573.40 35.40 562.7 2.00 286.70 17.70 281.35 1514.25 51.8 
55 78.0 101.00% 425.80 42.60 669.0 2.00 212.90 21.30 334.50 1531.30 51.9 
60 84.0 108.77% 32.10 93.00 940.8 2.00 16.05 46.50 470.40 1567.05 52.1 
            Metal grate (3mm) Radial Lifter Flowrate 2.2 L/min Filling 57mm Actual Flow (ml/min) 2217   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 416.40 0.00 0.0 2.00 208.20 0.00 0.00 2008.80 54.0 
20 25.5 33.01% 1045.00 3.60 10.9 2.00 522.50 1.80 5.45 1687.25 52.6 
25 32.9 42.57% 1187.90 7.40 19.6 2.00 593.95 3.70 9.80 1609.55 52.3 
30 40.3 52.23% 1200.00 10.40 33.3 2.00 600.00 5.20 16.65 1595.15 52.2 
35 47.5 61.54% 1233.70 14.10 51.6 2.00 616.85 7.05 25.80 1567.30 52.1 
40 54.4 70.40% 1212.20 16.50 101.8 2.00 606.10 8.25 50.90 1551.75 52.0 
45 61.5 79.68% 1045.60 19.80 180.4 2.00 522.80 9.90 90.20 1594.10 52.2 
47 64.9 84.05% 941.50 21.60 237.6 2.00 470.75 10.80 118.80 1616.65 52.3 
50 69.3 89.71% 793.50 23.30 350.5 2.00 396.75 11.65 175.25 1633.35 52.4 
53.3 72.7 94.17% 568.70 24.80 530.8 2.00 284.35 12.40 265.40 1654.85 52.5 
55 78.0 101.00% 410.70 28.20 655.9 2.00 205.35 14.10 327.95 1669.60 52.5 
60 84.0 108.77% 10.30 55.50 958.7 2.00 5.15 27.75 479.35 1704.75 52.7 
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Grate Material and Open Area Comparison Data 
 
 
Perpex 
grate 
(3mm) 
Radial 
Lifter     Flowrate 2.2L/min Filling 
55-
51mm Flowrate   Filling 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
10 10.90909 14.13% 410.71 0 0 3 136.9033 0 0 
20 25.4902 33.01% 1081.9 0 10.5 2 540.95 0 5.25 
25 32.87671 42.57% 1386.25 0 21.3 2 693.125 0 10.65 
30 40.33613 52.23% 1610.96 0 36.1 2 805.48 0 18.05 
35 47.52475 61.54% 1631.61 0 62.6 2 815.805 0 31.3 
40 54.36893 70.40% 1252.5 3 105.7 1.5 835 2 70.46667 
45 61.53846 79.68% 1140 9 174 1.5 760 6 116 
47 64.91228 84.05% 1370.9 14.8 264.8 2 685.45 7.4 132.4 
50 69.27835 89.71% 1277.04 20.62 387.55 2 638.52 10.31 193.775 
53.3 72.72727 94.17% 1072.02 25.7 544.84 2 536.01 12.85 272.42 
55 78 101.00% 940.05 29.59 615.47 2 470.025 14.795 307.735 
60 84 108.77% 565.8 64.77 925.73 2 282.9 32.385 462.865 
 
Speed 
(Hz) 
speed 
(rpm) 
% 
Critical 
Speed 
discharge from 
centre 
discharge 
from slit Discharge  Flowback  
% to 
Discharge 
% to 
Flowback 
discharge 
% centre 
discharge 
% slit 
10 12.1875 15.78% 237.9 0.2 238.1 0.01 10.82273 0.000455 10.81364 0.009091 
20 24.375 31.56% 648.97 0.586667 649.5567 -0.83667 29.5253 -0.03803 29.49864 0.026667 
25 30.46875 39.45% 1026.9875 3.528333 1030.516 -1.04583 46.84163 -0.04754 46.68125 0.160379 
30 36.5625 47.34% 1262.605 10.59 1273.195 -1.255 57.8725 -0.05705 57.39114 0.481364 
35 42.65625 55.23% 1422.3225 21.55167 1443.874 -1.46417 65.63064 -0.06655 64.65102 0.979621 
40 48.75 63.12% 1485.24 26.49333 1511.733 -1.65333 68.71515 -0.07515 67.51091 1.204242 
45 54.84375 71.01% 1401.1575 45.125 1446.283 -1.8825 65.74011 -0.08557 63.68898 2.051136 
47 57.28125 74.17% 1296.6945 67.34167 1364.036 33.55383 62.00164 1.525174 58.94066 3.060985 
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50 60.9375 78.91% 1229.205 150.5967 1379.802 16.14833 62.71826 0.734015 55.87295 6.845303 
53.3 64.95938 84.11% 1093.91655 210.5592 1304.476 48.35028 59.29435 2.19774 49.72348 9.570871 
55 67.03125 86.80% 1017.0925 260.1683 1277.261 41.35917 58.05731 1.879962 46.23148 11.82583 
60 73.125 94.69% 639.71 384.65 1024.36 92.73 46.56182 4.215 29.07773 17.48409 
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Simulated Charge Data 
 
Metal grate (3mm) Radial Lifter Flowrate 3 L/min Filling 57mm Actual Flow (ml/min) 3030   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 506.70 0.00 0.0 2.00 253.35 0.00 0.00 2776.65 57.4 
20 25.5 33.01% 1185.60 4.40 11.5 2.00 592.80 2.20 5.75 2429.25 55.9 
25 32.9 42.57% 1357.40 7.90 20.4 2.00 678.70 3.95 10.20 2337.15 55.5 
30 40.3 52.23% 1400.40 9.90 33.0 2.00 700.20 4.95 16.50 2308.35 55.3 
35 47.5 61.54% 1423.50 15.30 48.5 2.00 711.75 7.65 24.25 2286.35 55.2 
40 54.4 70.40% 1348.30 18.80 112.1 2.00 674.15 9.40 56.05 2290.40 55.3 
45 61.5 79.68% 1163.00 21.20 206.7 2.00 581.50 10.60 103.35 2334.55 55.4 
47 64.9 84.05% 1062.40 23.10 264.0 2.00 531.20 11.55 132.00 2355.25 55.5 
50 69.3 89.71% 932.70 23.80 356.5 2.00 466.35 11.90 178.25 2373.50 55.6 
53.3 72.7 94.17% 685.50 27.70 559.6 2.00 342.75 13.85 279.80 2393.60 55.7 
55 78.0 101.00% 544.20 28.70 673.9 2.00 272.10 14.35 336.95 2406.60 55.8 
60 84.0 108.77% 12.50 54.50 990.7 2.00 6.25 27.25 495.35 2501.15 56.2 
            
            Only Top Half of the Simulated Charge 
        Metal grate (3mm) Radial Lifter Flowrate 3 L/min Filling 57mm Actual Flow (ml/min) 2199   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 344.60 20.30 0.0 2.00 172.30 10.15 0.00 2016.55 54.0 
20 25.5 33.01% 867.80 52.30 11.8 2.00 433.90 26.15 5.90 1733.05 52.8 
25 32.9 42.57% 1031.40 56.60 19.4 2.00 515.70 28.30 9.70 1645.30 52.4 
30 40.3 52.23% 1090.70 23.50 33.5 2.00 545.35 11.75 16.75 1625.15 52.3 
35 47.5 61.54% 1115.70 14.60 57.4 2.00 557.85 7.30 28.70 1605.15 52.2 
40 54.4 70.40% 1087.30 16.00 116.7 2.00 543.65 8.00 58.35 1589.00 52.2 
45 61.5 79.68% 916.70 18.70 192.0 2.00 458.35 9.35 96.00 1635.30 52.4 
47 64.9 84.05% 834.50 21.20 242.6 2.00 417.25 10.60 121.30 1649.85 52.4 
50 69.3 89.71% 704.00 26.50 339.5 2.00 352.00 13.25 169.75 1664.00 52.5 
53.3 72.7 94.17% 500.30 34.80 531.4 2.00 250.15 17.40 265.70 1665.75 52.5 
55 78.0 101.00% 380.30 43.70 650.4 2.00 190.15 21.85 325.20 1661.80 52.5 
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60 84.0 108.77% 12.00 104.20 902.0 2.00 6.00 52.10 451.00 1689.90 52.6 
            
            
            No Simulated Charge 
        Metal grate (3mm) Radial Lifter Flowrate 3 L/min Filling 57mm Actual Flow (ml/min) 2199   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 196.30 6.10 0.0 2.00 98.15 3.05 0.00 2097.80 54.4 
20 25.5 33.01% 648.70 19.60 7.2 2.00 324.35 9.80 3.60 1861.25 53.4 
25 32.9 42.57% 849.30 26.60 15.3 2.00 424.65 13.30 7.65 1753.40 52.9 
30 40.3 52.23% 954.90 29.80 25.6 2.00 477.45 14.90 12.80 1693.85 52.6 
35 47.5 61.54% 1022.60 27.90 69.0 2.00 511.30 13.95 34.50 1639.25 52.4 
40 54.4 70.40% 1023.00 26.30 121.6 2.00 511.50 13.15 60.80 1613.55 52.3 
45 61.5 79.68% 872.30 32.90 230.0 2.00 436.15 16.45 115.00 1631.40 52.4 
47 64.9 84.05% 766.60 39.00 290.5 2.00 383.30 19.50 145.25 1650.95 52.4 
50 69.3 89.71% 606.70 61.40 436.7 2.00 303.35 30.70 218.35 1646.60 52.4 
53.3 72.7 94.17% 446.10 89.40 658.2 2.00 223.05 44.70 329.10 1602.15 52.2 
55 78.0 101.00% 338.30 95.80 735.6 2.00 169.15 47.90 367.80 1614.15 52.3 
60 84.0 108.77% 13.00 156.40 957.1 2.00 6.50 78.20 478.55 1635.75 52.4 
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Experimental Error Data 
Perpex grate (3mm) Radial Lifter 
(Discharge One) Flowrate 2.2L/min Filling 
55-
51mm Actual Flow (ml/min) 2216.667   Calculated 
Filling 
(mm) 
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins Discharge Flowback Carryover 
Flow through 
'slot' 
10 10.9 14.13% 410.71 0.00 0.0 3.00 136.90 0.00 0.00 2079.76 54.3 
20 25.5 33.01% 1081.90 0.00 10.5 2.00 540.95 0.00 5.25 1670.47 52.5 
25 32.9 42.57% 1386.25 0.00 21.3 2.00 693.13 0.00 10.65 1512.89 51.8 
30 40.3 52.23% 1610.96 0.00 36.1 2.00 805.48 0.00 18.05 1393.14 51.3 
35 47.5 61.54% 1631.61 0.00 62.6 2.00 815.81 0.00 31.30 1369.56 51.2 
40 54.4 70.40% 1252.50 3.00 105.7 1.50 835.00 2.00 70.47 1309.20 50.9 
45 61.5 79.68% 1140.00 9.00 174.0 1.50 760.00 6.00 116.00 1334.67 51.0 
47 64.9 84.05% 1370.90 14.80 264.8 2.00 685.45 7.40 132.40 1391.42 51.3 
50 69.3 89.71% 1277.04 20.62 387.6 2.00 638.52 10.31 193.78 1374.06 51.2 
53.3 72.7 94.17% 1072.02 25.70 544.8 2.00 536.01 12.85 272.42 1395.39 51.3 
55 78.0 101.00% 940.05 29.59 615.5 2.00 470.03 14.80 307.74 1424.11 51.4 
60 84.0 108.77% 565.80 64.77 925.7 2.00 282.90 32.39 462.87 1438.52 51.5 
 
 
Perpex grate (3mm) Radial Lifter  
(Discharge Two) Flowrate 2.2L/min Filling 
55-
51mm Error  
Speed 
(Hz) 
speed 
(rpm) 
% Critical 
Speed Discharge Flowback Carryover mins 
Disc 
(%) 
10 10.9 14.13% 147.0 0.0 0.0 1.0 7.4% 
20 25.5 33.01% 561.2 10.4 5.2 1.0 3.7% 
25 32.9 42.57% 711.1 15.3 10.8 1.0 2.6% 
30 40.3 52.23% 797.7 20.1 14.0 1.0 -1.0% 
35 47.5 61.54% 837.2 20.7 17.2 1.0 2.6% 
40 54.4 70.40% 834.0 22.7 42.0 1.0 -0.1% 
45 61.5 79.68% 748.8 25.1 86.2 1.0 -1.5% 
47 1.1 84.05% 700.7 23.5 120.4 1.0 2.2% 
50 69.3 89.71% 637.9 25.5 205.9 1.0 -0.1% 
53.3 72.7 94.17% 532.8 26.5 261.6 1.0 -0.6% 
55 78.0 101.00% 456.0 26.6 310.6 1.0 -3.0% 
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60 84.0 108.77% 260.2 38.7 469.2 1.0 -8.0% 
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10.2 Appendix B – Scoping Test Results 
Mill Filling Test Results 
 
20% Filling 1.1L/min water addition 
   Ap 
Dist.(mm) Order Aperture 
Bucket + 
sample Bucket Wet Sample 
Dry 
sample Water Solids % 
10 1 1 4267.5 635 3632.5 2643.5 989 72.8% 
110 2 2 2182.9 630 1552.9 1121 431.9 72.2% 
210 3 3 1408 630 778 549.43 228.6 70.6% 
    
Total 5963.4 4313.93 1649 72.3% 
    
 
 
25% filling 0.7 L/min water addition 
   Ap 
Dist.(mm) Order Aperture 
Bucket + 
sample Bucket 
Wet 
Sample 
Dry 
sample Water Solids % 
10 1 1 5146 635 4511 3454 1057 76.6% 
110 3 2 2455 630 1825 1417.7 407.3 77.7% 
210 2 3 1380 630 750 572.1 177.9 76.3% 
    
Total 7086 5443.8 1642 76.8% 
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33% filling 1.2L/min water addition 
   Ap 
Dist.(mm) Order Aperture 
Bucket + 
sample Bucket Wet Sample 
Dry 
sample Water  Solids % 
10 2 1 6721 635 6086 4562.29 1524 75.0% 
110 4 2 3946.4 630 3316.4 2452.47 863.9 73.9% 
210 3 3 2273 630 1643 1227.4 415.6 74.7% 
310 1 4 1260 630 630 454.27 175.7 72.1% 
    
Total 11675.4 8696.43 2979 74.5% 
 
43% filling 1.4L/min water addition 
   Ap 
Dist.(mm) Order Aperture 
Bucket + 
sample Bucket Wet Sample 
Dry 
sample Water Solids % 
10 2 1 8062 635 7427 5328.25 2099 71.7% 
110 4 2 8336 630 7706 5473.27 2233 71.0% 
210 1 3 4622 630 3992 2739.81 1252 68.6% 
310 3 4 3294.6 630 2664.6 1842.61 822 69.2% 
410 5 5 1840.9 447.6 1393.3 971.65 421.7 69.7% 
    
Total 23182.9 16355.59 
 
70.6% 
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Test 1 
20% 
Aperture 
  
Size A1 A2 A3 Weighted Average 
Initial 716.83 1121 549.43 2387.26 
Passing 
(%) 
Retained 
(%) 
-38 170.08 292.89 158.3 621.27 2375.38 
 
Initial 
(+38) 
542.9 827.05 388.7 1758.65 
  
19 0 0 0 0 0.0% 100.0% 
13.2 7.01 0 0 7.01 0.3% 99.7% 
9.5 1.48 3.89 0 5.37 0.2% 99.5% 
6.7 10.62 4.6 0.67 15.89 0.7% 98.8% 
4.75 13.41 11.91 1.42 26.74 1.1% 97.7% 
3.35 14.71 10.62 1.46 26.79 1.1% 96.6% 
2.36 15.9 14.38 2.65 32.93 1.4% 95.2% 
1.7 19.95 19.92 5.17 45.04 1.9% 93.3% 
1.18 31.48 36.74 11.35 79.57 3.3% 89.9% 
0.85 31.9 44.14 17.26 93.3 3.9% 86.0% 
0.6 43.55 65.5 27.95 137 5.8% 80.2% 
0.425 39.97 64.78 30.52 135.27 5.7% 74.5% 
0.3 46.5 80.51 40.6 167.61 7.1% 67.5% 
0.212 42.84 74.5 38.64 155.98 6.6% 60.9% 
0.15 44.13 77.46 41.52 163.11 6.9% 54.0% 
0.106 49.36 88.83 46.98 185.17 7.8% 46.2% 
0.075 47.81 84.13 44.47 176.41 7.4% 38.8% 
0.053 44.14 75.2 41.3 160.64 6.8% 32.1% 
0.038 35.38 58.57 33.14 127.09 5.4% 26.7% 
-0.038 2.7 6.98 3.51 13.19 26.7% 0.0% 
Total 542.84 822.66 388.61 1754.11 100.0% 
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Test 2 
25% 
Aperture 
 
Size A1 A2 A3 
Weighted average 
 
Initial 887.92 691.96 569.27 2151.76 Passing (%) Retained (%) 
-38 206.64 174.72 151.32 532.68 
  
Initial 
(+38 
681.28 517.24 417.95 1619.08 
  
19 0 0 0 0 0.0% 100.0% 
13.2 0 6.18 0 6.18 0.3% 99.7% 
9.5 20.67 1.51 0 22.18 1.0% 98.7% 
6.7 21.62 7.7 0 29.32 1.4% 97.3% 
4.75 21.89 4.11 1.04 27.04 1.3% 96.1% 
3.35 23.18 8.04 2.96 34.18 1.6% 94.5% 
2.36 24.43 8.63 4.58 37.64 1.7% 92.7% 
1.7 28.24 13.32 7.84 49.4 2.3% 90.4% 
1.18 41.46 24.13 18.91 84.5 3.9% 86.5% 
0.85 42.36 28.95 25.63 96.94 4.5% 82.0% 
0.6 53.24 43.21 36.5 132.95 6.2% 75.8% 
0.425 46.58 42.14 35.9 124.62 5.8% 70.0% 
0.3 52.89 52.46 43.12 148.47 6.9% 63.1% 
0.212 47.56 44.84 38.2 130.6 6.1% 57.1% 
0.15 50.03 45.71 39.64 135.38 6.3% 50.8% 
0.106 59.6 49.99 44.72 154.31 7.2% 43.6% 
0.075 54 49.61 41.74 145.35 6.8% 36.8% 
0.053 51.28 45.13 39.35 135.76 6.3% 30.5% 
0.038 39.01 38.59 33.94 111.54 5.2% 25.3% 
-0.038 3.11 5.14 4.47 12.72 25.3% 0.0% 
Total 681.15 519.39 418.54 1619.08 100.0% 
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Test 3 
33% 
Aperture    
Size A1 A2 A3 A4    
Initial 1132.12 970.23 596.12 447.16 Weighted Average 
-38 253.77 246.03 164.33 118.03 3145.63 
Passing 
(%) 
Retained 
(%) 
Initial 
(+38 
878.35 724.2 431.79 329.13 782.16 3146.26 
 
19 0 0 0 0 2363.47 
  
13.2 13.98 0 0 0 0 0.0% 100.0% 
9.5 24.64 7.78 0 0 13.98 0.4% 99.6% 
6.7 17.38 5.84 0 0 32.42 1.0% 98.5% 
4.75 21.04 8.88 3.55 0.83 23.22 0.7% 97.8% 
3.35 24.81 8.52 3.03 2.28 34.3 1.1% 96.7% 
2.36 22.67 12.12 4.06 2.96 38.64 1.2% 95.5% 
1.7 28.4 17.15 6.86 5.19 41.81 1.3% 94.1% 
1.18 39.28 26.2 12.32 9.76 57.6 1.8% 92.3% 
0.85 45.22 32.55 17.57 14.77 87.56 2.8% 89.5% 
0.6 67.55 53.58 31.38 24.89 110.11 3.5% 86.0% 
0.425 61.39 53.31 32.93 24.65 177.4 5.6% 80.4% 
0.3 77.61 71.28 45.27 33.11 172.28 5.5% 74.9% 
0.212 65.25 62.36 40.79 30.05 227.27 7.2% 67.7% 
0.15 74 71.51 45.88 34.4 198.45 6.3% 61.4% 
0.106 76.01 74.49 47.56 36.92 225.79 7.2% 54.2% 
0.075 84.62 80.51 50.28 38.4 234.98 7.5% 46.7% 
0.053 70.56 68.15 44.54 34.9 253.81 8.1% 38.7% 
0.038 56.98 57.29 38.35 30.54 218.15 6.9% 31.7% 
-0.038 6.77 12.43 7.42 6.55 183.16 5.8% 25.9% 
Total 878.16 723.95 431.79 330.2 33.17 25.9% 0.0% 
Page 158 
 
Test 4 
43% 
Aperture 
Size A1 A2 A3 A4 A5 Weighted average 
Initial 1089.42 1068.4 667.38 669.89 480.87 3975.96 
Passing 
(%) 
Retained 
(%) 
-38 242.19 280.9 171.53 184.12 139.15 1017.89 3961.23 
 
Initial 
(+38 
844.76 785.64 493.08 483.32 338.41 2945.21 
  
19 0 0 0 0 0 0 0.0% 100.0% 
13.2 18.35 4.37 0 0 0 22.72 0.6% 99.4% 
9.5 24.24 14.77 0 0 0 39.01 1.0% 98.4% 
6.7 13.2 2.64 0.57 0 0 16.41 0.4% 98.0% 
4.75 14.18 7.5 2.12 0.85 0.19 24.84 0.6% 97.4% 
3.35 12.45 8.23 4.43 2.03 0.38 27.52 0.7% 96.7% 
2.36 17.93 8.24 6.62 3.02 0.83 36.64 0.9% 95.8% 
1.7 23.22 12.22 10.5 6.46 2.82 55.22 1.4% 94.4% 
1.18 35.57 20.37 19.01 12.32 5.19 92.46 2.3% 92.1% 
0.85 47.58 31.29 27.98 19.78 9.79 136.42 3.4% 88.6% 
0.6 70.08 59.52 41.6 38.38 20.32 229.9 5.8% 82.8% 
0.425 65.64 63.45 39.87 38.72 27.17 234.85 5.9% 76.9% 
0.3 77.08 86.16 48.06 53.79 38.38 303.47 7.7% 69.2% 
0.212 66.11 71.22 43.33 45.15 36.13 261.94 6.6% 62.6% 
0.15 70.36 82.43 46.98 53.4 38.38 291.55 7.4% 55.2% 
0.106 80.79 84.66 54.83 56.63 42.56 319.47 8.1% 47.2% 
0.075 72.18 84.97 47.5 55.21 37.44 297.3 7.5% 39.7% 
0.053 73.63 75.83 52.4 50.82 40.43 293.11 7.4% 32.3% 
0.038 54.82 59.41 40.19 41.4 31.78 227.6 5.7% 26.5% 
-0.038 8.93 7.82 5.9 5.49 4.77 32.91 26.5% 0.0% 
Total 846.34 785.1 491.89 483.45 336.56 2943.34 100.0% 
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Size 
Feed 
% Ret 
Feed 
Cumul 
T1 % 
Ret 
T1 
Cumul 
T2 % 
Ret 
T2 
Cumul 
T3 % 
Ret 
T3 
Cumul 
T4 % 
Ret 
T4 
Cumul 
150 0 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0 100.00 
106 17.78 82.22 0.00 100.00 1.17 98.83 2.66 97.34 4.76 95.24 
75 21.84 60.38 5.47 94.53 7.60 91.23 15.70 81.64 18.32 76.92 
53 15.72 44.66 10.66 83.86 14.53 76.70 14.11 67.52 16.92 60.00 
37.5 8.15 36.51 8.60 75.26 12.44 64.26 9.15 58.37 9.58 50.42 
26.5 4.31 32.20 4.19 71.07 5.94 58.32 5.18 53.19 4.58 45.84 
19 2.07 30.13 3.17 67.90 3.24 55.08 3.08 50.11 2.62 43.22 
13.2 1.45 28.68 1.94 65.96 2.24 52.84 1.68 48.43 1.45 41.76 
9.5 1.02 27.67 1.30 64.66 1.56 51.29 1.12 47.30 0.89 40.88 
6.7 0.99 26.68 0.95 63.71 1.09 50.20 0.77 46.54 0.48 40.40 
4.75 1.05 25.62 0.84 62.87 0.90 49.29 0.58 45.96 0.40 40.00 
3.35 1.20 24.42 0.82 62.05 0.80 48.49 0.57 45.38 0.30 39.70 
2.36 1.31 23.11 0.95 61.10 0.85 47.64 0.47 44.91 0.31 39.39 
1.7 1.16 21.95 1.33 59.78 1.03 46.61 0.57 44.34 0.36 39.03 
1.18 1.33 20.61 1.84 57.93 1.51 45.10 0.81 43.53 0.56 38.47 
0.85 1.46 19.15 2.53 55.40 2.35 42.76 1.70 41.83 1.44 37.03 
0.6 1.48 17.67 3.72 51.69 3.22 39.53 2.74 39.08 2.43 34.60 
0.425 1.57 16.09 3.67 48.02 3.02 36.51 2.66 36.42 2.48 32.13 
0.3 1.69 14.41 4.55 43.47 3.60 32.92 3.51 32.91 3.20 28.92 
0.212 1.70 12.71 4.23 39.24 3.16 29.75 3.07 29.84 2.76 26.16 
0.15 1.66 11.06 4.42 34.82 3.28 26.47 3.49 26.35 3.08 23.08 
0.106 1.55 9.50 5.02 29.79 3.74 22.73 3.63 22.72 3.37 19.71 
0.075 1.43 8.07 4.78 25.01 3.52 19.21 3.92 18.80 3.14 16.58 
0.053 1.30 6.77 4.36 20.65 3.29 15.92 3.37 15.43 3.09 13.49 
0.038 1.08 5.69 3.45 17.21 2.70 13.22 2.83 12.60 2.40 11.09 
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20% Filling 25% Filling 33% Filling 43% Filling 
Aperture 
Solids  
(%) 
Approx.  
Depth 
Discharge 
 (g) 
Solids  
(%) 
Approx.  
Depth 
Discharge 
 (g) 
Solids  
(%) 
Approx.  
Depth 
Discharge 
 (g) 
Solids 
(%) 
Approx. 
 Depth Discharge (g) 
A1 0.727 0.217 3632 0.765 0.222 4511 0.749 0.296 6086 0.717 0.413 7427 
A2 0.721 0.122 1552 0.776 0.111 1825 0.739 0.209 3316 0.710 0.324 7706 
A3 0.706 0.035 778 0.762 0.025 750 0.747 0.09 1643 0.686 0.259 3992 
A4 - - - - - - 0.721 0.0316 630 0.691 0.152 2664.6 
A5 - - - - - - - - - 0.697 0.043 1393.3 
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10.3 Appendix C – Scoping Test Conclusions 
 
Mill Filling Test Results  
The solids between each of the tests were maintained within 5% variation however 
between different filling tests there were noteworthy differences ranging between 
68% and 77% . This is due to the significantly different discharge rates from each 
aperture and water addition. For future tests this data should be used to stabilise the 
solids (%) by varied water addition for each aperture.  
 
 
Filling Test Solids (%) 
Overall Discharge 
The overall discharge was as expected with an exponential shape showing 
increased slurry level due to mill load. This is due to increased depth of each 
aperture and increased number of apertures exposed as mill filling increases. This is 
observed: 
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Total Slurry Discharge 
 
The data from the tests indicates that there is a point at which the discharge of the 
first aperture (10mm) reaches a maximum or plateau. This is observed as the 
discharge from the 43%filling tests show aperture T2 (110mm from the edge) at a 
comparable amount to that of T1 (10mm from the edge). This is could be due to the 
effect of shell lifters in the region of T1 or the flow through the charge is restricted 
more than that of the higher apertures.  The difference between 25% and 20% filling 
is less significant than the other tests is due to a) it is a smallest gap in filling (5%) 
and b) the solids (%) was the greatest in the 25% test and hence had a lower slurry 
level.  
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Individual Aperture Discharge against Radial Position 
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The shape of the discharge curve appears exponential for T2 and T3 whilst T1 which 
appears to be linear.  The shape for T4 and T5 cannot be determined due to the 
limited number of data point.  
 
Aperture Discharge against Filling 
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Mill Load Size Distribution 
The mill size distribution shows that the final mill distribution after both the grinding 
tests and the discharge tests were complete. It should be noted that the -1mm 
material was estimated from the discharge product. The data indicates that the lower 
the filling the more breakage the mill load undergoes, particularly in the very coarse 
fraction (+37.5mm).  
This thesis is not focused on the grinding rates or breakage, but an accurate 
representative mill load at the time of discharge is important in order to analyse the 
classification occurring at the grate.  
 
 
Mill Feed and Hold-up Size Distributions 
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Discharge Size Distribution 
The analysis of the discharge size distribution showed some clear trends which are 
summarised in the list below: 
 The further the aperture from the mill edge the finer the discharge product  
 Each aperture showed very similar size distributions for each of the four tests  
 Test order has a significant effect being the later the test the finer the 
discharge was from the aperture  
 When the discharge from each of the four tests was averaged the size 
distribution was remarkably similar  
The average total discharge for each of the different fillings was shown to be very 
similar. The balance between coarse discharges from the lower apertures remains 
constant with the finer discharge amount from the higher ones. Observed in where 
the 25% filling appears to have the coarsest discharge and 43% the finest.  
 
Average Size Distribution for Filling Tests 
 
The figure shows a plot of size distribution of T2 for the four discharge tests. It 
indicates that there is a very similar distribution between the entire tests and the 
main driver for discharge size distribution is aperture position. A similar trend is seen 
in all the aperture tests with the only notable exception the 25% filling test has a 
marginally coarser distribution. This is hypostasised that this is due to the highest 
solids (%) in the mill for this particular test however with the limited data set it is hard 
to draw absolute conclusions. 
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T2 (110mm) Filling Discharge 
 
Average Size Distribution from Each Aperture 
It shows the average distribution from each aperture which remained reasonably 
consistent throughout the four different filling tests.  
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The mill filling had a marginal effect on size distribution other than the fact of 
discharging from higher aperture positions when increased fillings. It however did 
have substantial effect on the discharge amount showing an almost exponential 
increase in relation to filling.  
The size distributions from all of the four filling tests showed the similar trend which 
was the further the aperture from the mill edge the finer the discharge product.  
The data also showed that test order has a significant effect being the later the test 
the finer the discharge was from the aperture. This is due to the increased grinding 
time in the mill and hence producing a finer mill load. It could also be due to some of 
the mill content being removed from the mill from previous tests. A clear distinction 
can be seen when comparing the test order of the 20% filling and the 25% filling 
tests. In the 20% filling test the series were run from T1-T2-T3 in order while 25% 
filling runs T1-T3-T2. The effect shows the T2 size distribution to be closer to that of 
T3 in the 25% tests whilst it is almost evenly between T1 and T3 in the 20% test. 
Also shown where T3 and T4 overlap due to T4 being conducted after T3 when 
compared to the following figure which was run in the opposite order where T4 is 
shown to be finer than T3.  
 
Discharge Size Distribution for 20% Mill Filling 
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Discharge Size Distribution for 25% Mill Filling 
 
Discharge Size Distribution for 33% Mill Filling 
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Discharge Size Distribution for 43% Mill Filling 
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Estimated Depth of Apertures  
The slurry shape and level in the mill was estimated using the Morell Power Model. 
By imputing the parameters below an estimated for the toe and shoulder of the 
charge was calculated:  
 Total filling 
 Mill dimensions 
 Operating Speed 
 Ball load 
 Estimated voidage 
 Ore SG 
 
Estimated Slurry Depth 
Filling 20% 25% 33% 43% 
Depth (m) 0.25 0.30 0.37 0.45 
 
By using the shoulder and toe position the filling was used to estimate the depth of 
the charge as if the charge had a uniform depth. The slurry filling was assumed to be 
100% at 70% solids discharge. The depth was assumed to be directly affected by 
slurry filling, proportional to the water content i.e. 30% water would be equal to 100% 
charge depth while 20% water would be 66% of the depth.  
The figures show the discharge grouped by aperture position, mill filling and by a 
scatter plot with no links respectively. The depth of the charge is the key driver to 
discharge however the problem is much more complex than the initial analysis of this 
data and must be related to all mill operating conditions.   At this stage the data has 
very large assumptions in depth calculations which makes it limited in the use for 
modelling. However with further test and improved estimations for charge depth the 
collected data could prove to be very useful for investigating the mechanisms behind 
discharge.  
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Discharge against Approx. Depth (Aperture Trends) 
  
 
Discharge against Approx. Depth (Filling Trends) 
  
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
D
is
ch
ar
ge
 R
at
e
 (
g)
Depth (m)
T1
T2
T3
T4
T5
0
1000
2000
3000
4000
5000
6000
0 0.1 0.2 0.3 0.4 0.5
D
is
ch
ar
ge
 R
at
e
 (
g)
Depth (m)
20%
25%
33%
43%
Page 173 
 
 
Discharge against Approx. Depth 
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10.4 Appendix D – Aperture Test Data 
Aperture Test Program – Total Discharge 
Test 
Number 
Speed 
 (%) 
Filling 
(%) 
Ore Filling 
(%) 
Ball  
(%) 
Wet 
Sample (g) 
Solids 
Test 1 75 28 17 11 7975.1 74% 
Test 2 75 28 17 11 7370 75% 
Test 3 * 75 40 29 11 16561.2 72% 
Test 4 65 28 17 11 8040.3 73% 
Test 5 75 28 17 11 7365.7 73% 
Test 6 85 28 17 11 6541.2 71% 
Test 7 75 15 4 11 1222 72% 
Test 8 81 35 28 7 13865.9 71% 
Test 9 69 35 28 7 15973.3 72% 
Test 10 69 20 13 7 5150.9 73% 
Test 11 81 20 13 7 5275.9 73% 
Test 12 75 28 24 4 13153.8 69% 
Test 13 69 35 20 15 8176.2 73% 
Test 14 81 35 20 15 9061.7 73% 
Test 15 69 20 5 15 1481.4 73% 
Test 16 81 20 5 15 2038.7 75% 
Test 17 75 28 10 18 3291.2 76% 
*Test three experienced a lifter bar being dislodged and leakage was experienced.  
  
Page 175 
 
Aperture A1 Discharge 
Test 
Number 
Speed  
(%CS) 
Filling 
(%) 
Ore 
Filling 
(%) 
Wet 
Sample 
(g) 
Test 1 
75 28 11 5450 
75 28 11 5822 
Test 2 
75 28 11 4940 
75 28 11 6191 
Test 3 75 40 11 7277.7 
Test 4 
65 28 11 4688.1 
65 28 11 5615 
Test 5 
75 28 11 4991.7 
75 28 11 5688.1 
Test 6 
85 28 11 4539.2 
85 28 11 5491 
Test 7 75 15 11 621 
Test 8 
81 35 7 6377.4 
81 35 7 6803.1 
Test 9 
69 35 7 7130.7 
69 35 7 8529.3 
Test 10 69 20 7 3061 
Test 11 
81 20 7 3612.7 
81 20 7 4323 
Test 12 
75 28 4 6286.3 
75 28 4 6014.1 
Test 13 
69 35 15 4202.1 
69 35 15 6053 
Test 14 
81 35 15 5350.4 
81 35 15 7041.9 
Test 15 
69 20 15 942.4 
69 20 15 1057.6 
Test 16 
81 20 15 865.2 
81 20 15 1461.1 
Test 17 
75 28 18 2114.4 
75 28 18 2872.3 
 
  
Page 176 
 
Aperture A2 Discharge 
Test 
Number 
Speed  
(%CS) 
Filling 
(%) 
Ore 
Filling 
(%) 
Wet 
Sample 
(g) 
Test 1 
75 28 11 1569 
75 28 11 2307 
Test 2 
75 28 11 1375 
75 28 11 2214 
Test 3 75 40 11 4500 
Test 4 65 28 11 2112.2 
Test 5 
75 28 11 1729.1 
75 28 11 2143.4 
Test 6 
85 28 11 1435 
85 28 11 2039 
Test 7 75 15 11 601 
Test 8 81 35 7 4520 
Test 9 69 35 7 4438.9 
Test 10 
69 20 7 1347.6 
69 20 7 1891 
Test 11 81 20 7 1047.8 
Test 12 
75 28 4 3743.8 
75 28 4 4132.7 
Test 13 
69 35 15 2387.1 
69 35 15 3250 
Test 14 
81 35 15 2376.1 
81 35 15 3184.9 
Test 15 69 20 15 539 
Test 16 81 20 15 577.6 
Test 17 
75 28 18 605.6 
75 28 18 578 
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Aperture A3 Discharge 
Test 
Number 
Speed  
(%CS) 
Filling 
(%) 
Ore 
Filling 
(%) 
Wet 
Sample 
(g) 
Test 1 75 28 11 750 
Test 2 75 28 11 1055 
Test 3 75 40 11 1462.6 
Test 4 
65 28 11 1240 
65 28 11 919 
Test 5 
75 28 11 644.9 
75 28 11 931.7 
Test 6 
85 28 11 567 
85 28 11 918 
Test 7 75 15 11 0 
Test 8 
81 35 7 1917.7 
81 35 7 2176.4 
Test 9 
69 35 7 2913.4 
69 35 7 3025.4 
Test 10 69 20 7 742.3 
Test 11 81 20 7 615.4 
Test 12 75 28 4 2109.8 
Test 13 69 35 15 1067.3 
Test 14 81 35 15 759.5 
Test 15 69 20 15 0 
Test 16 81 20 15 0 
Test 17 
75 28 18 571.2 
75 28 18 579 
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Aperture A4 Discharge 
Test 
Number 
Speed  
(%CS) 
Filling 
(%) 
Ore 
Filling 
(%) 
Wet 
Sample 
(g) 
Test 1 75 28 11 206.1 
Test 2 75 28 11 0 
Test 3 75 40 11 1320.9 
Test 4 65 28 11 0 
Test 5 75 28 11 0 
Test 6 85 28 11 0 
Test 7 75 15 11 0 
Test 8 81 35 7 1050.8 
Test 9 69 35 7 1490.3 
Test 10 69 20 7 0 
Test 11 81 20 7 0 
Test 12 75 28 4 1013.9 
Test 13 69 35 15 519.7 
Test 14 81 35 15 575.7 
Test 15 69 20 15 0 
Test 16 81 20 15 0 
Test 17 75 28 18 0 
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Aperture Discharge Mass Retained Test 1 (Figure 36Figure 37) 
 Discharge Mass (g) 
Size 
(mm) 
S1-A4 S2-A2 S3-A3 S4-A1 S5-A1 S6-A2 
19 0 0 0 0.0 0.0 0.0 
13.2 0 3.12 0 13.9 0.0 0.0 
9.5 0 5.48 1.21 86.8 85.1 8.6 
6.7 0 11.37 1.25 76.5 77.2 7.8 
4.75 1.27 16.61 2.29 83.9 83.3 13.1 
3.35 0.55 16.96 3.79 107.9 96.3 19.5 
2.36 2 27.99 6.56 99.8 101.0 26.6 
1.7 3.64 38.6 12.62 124.4 123.5 33.5 
1.18 7.28 67.28 26.63 210.6 214.2 66.0 
0.85 9.03 74.13 33.64 235.2 256.9 86.4 
0.6 13.3 98.9 47.26 323.2 371.9 135.0 
0.425 12.25 82.25 42.51 281.6 334.3 127.8 
0.3 14.7 92.82 48.12 323.9 382.0 151.7 
0.212 11.78 70.64 37.94 249.2 298.8 119.8 
0.15 10.55 68.43 35.93 237.4 283.7 114.4 
0.106 9.41 60.02 31.82 207.0 248.7 100.3 
0.075 8.1 48.68 26.65 177.3 210.3 85.2 
0.053 6.85 48.81 25.66 164.4 199.1 83.4 
0.038 5.96 39.16 21.49 133.5 164.9 68.6 
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Aperture Test 1 –Size Distribution (Figure 37) 
 
Percentage Passing 
Size 
(mm) 
T1-A4 T2-A2 T3-A3 T4-A1 T5-A1 T6-A2 
19 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
13.2 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
9.5 100.0% 99.7% 100.0% 99.7% 100.0% 100.0% 
6.7 100.0% 99.2% 99.8% 97.5% 98.2% 99.5% 
4.75 100.0% 98.2% 99.5% 95.6% 96.5% 99.0% 
3.35 99.2% 96.8% 99.1% 93.6% 94.7% 98.2% 
2.36 98.8% 95.3% 98.4% 90.9% 92.6% 97.1% 
1.7 97.5% 92.8% 97.2% 88.4% 90.4% 95.5% 
1.18 95.1% 89.4% 94.9% 85.4% 87.8% 93.5% 
0.85 90.4% 83.5% 90.0% 80.2% 83.1% 89.6% 
0.6 84.4% 76.9% 83.9% 74.4% 77.6% 84.5% 
0.425 75.7% 68.2% 75.2% 66.4% 69.5% 76.5% 
0.3 67.7% 60.9% 67.4% 59.4% 62.3% 68.9% 
0.212 58.1% 52.7% 58.6% 51.5% 54.0% 59.9% 
0.15 50.4% 46.5% 51.6% 45.3% 47.6% 52.8% 
0.106 43.5% 40.5% 45.0% 39.5% 41.5% 46.1% 
0.075 37.3% 35.2% 39.2% 34.3% 36.1% 40.1% 
0.053 32.0% 30.9% 34.3% 30.0% 31.5% 35.1% 
0.038 27.6% 26.6% 29.6% 25.9% 27.2% 30.1% 
-0.038 23.7% 23.1% 25.6% 22.6% 23.7% 26.1% 
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Aperture Test 1 – Discharge as Percentage of Mill hold up (Figure 38, Figure 39, Figure 42) 
 
Discharge as % of hold up (grind) Discharge as % of hold up (Discharge) Discharge as % of hold up (est Actual holdup) 
Size 
(mm) 
S1-A4 S2-A2 S3-A3 S4-A1 S5-A1 S6-A2 S1-A4 S2-A2 S3-A3 S4-A1 S5-A1 S6-A2 S1-A4 S2-A2 S3-A3 S4-A1 S5-A1 S6-A2 
19 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
13.2 0.0% 0.1% 0.0% 0.3% 0.0% 0.0% 0.0% 0.1% 0.0% 0.4% 0.0% 0.0% 0.0% 0.1% 0.0% 0.3% 0.0% 0.0% 
9.5 0.0% 0.1% 0.0% 2.1% 2.1% 0.2% 0.0% 0.2% 0.0% 3.0% 3.0% 0.3% 0.0% 0.1% 0.0% 2.5% 2.6% 0.3% 
6.7 0.0% 0.4% 0.0% 2.4% 2.4% 0.2% 0.0% 0.5% 0.1% 3.5% 3.6% 0.4% 0.0% 0.4% 0.0% 2.8% 3.1% 0.3% 
4.75 0.0% 0.6% 0.1% 3.2% 3.2% 0.5% 0.1% 1.0% 0.1% 5.0% 5.0% 0.8% 0.0% 0.7% 0.1% 3.9% 4.2% 0.7% 
3.35 0.0% 0.6% 0.1% 3.9% 3.5% 0.7% 0.0% 0.9% 0.2% 5.5% 4.9% 1.0% 0.0% 0.6% 0.2% 4.6% 4.3% 0.9% 
2.36 0.1% 0.8% 0.2% 2.9% 2.9% 0.8% 0.1% 1.2% 0.3% 4.4% 4.4% 1.2% 0.1% 0.9% 0.2% 3.5% 3.8% 1.1% 
1.7 0.1% 0.9% 0.3% 2.8% 2.8% 0.7% 0.1% 1.3% 0.4% 4.3% 4.2% 1.1% 0.1% 0.9% 0.3% 3.4% 3.6% 1.1% 
1.18 0.1% 1.1% 0.4% 3.5% 3.5% 1.1% 0.2% 1.5% 0.6% 4.6% 4.7% 1.5% 0.1% 1.2% 0.5% 4.0% 4.3% 1.4% 
0.85 0.2% 1.3% 0.6% 4.0% 4.4% 1.5% 0.1% 1.2% 0.5% 3.8% 4.2% 1.4% 0.2% 1.3% 0.6% 3.9% 4.2% 1.4% 
0.6 0.2% 1.4% 0.7% 4.5% 5.2% 1.9% 0.1% 1.0% 0.5% 3.1% 3.6% 1.3% 0.2% 1.3% 0.6% 3.7% 4.0% 1.4% 
0.425 0.2% 1.4% 0.7% 4.9% 5.8% 2.2% 0.1% 0.8% 0.4% 2.8% 3.4% 1.3% 0.2% 1.3% 0.6% 3.6% 3.9% 1.4% 
0.3 0.2% 1.4% 0.7% 5.0% 5.9% 2.4% 0.1% 0.8% 0.4% 2.8% 3.3% 1.3% 0.2% 1.3% 0.6% 3.6% 3.8% 1.4% 
0.212 0.2% 1.4% 0.8% 5.0% 6.0% 2.4% 0.1% 0.8% 0.4% 2.7% 3.3% 1.3% 0.2% 1.2% 0.6% 3.5% 3.8% 1.4% 
0.15 0.2% 1.5% 0.8% 5.2% 6.2% 2.5% 0.1% 0.8% 0.4% 2.9% 3.4% 1.4% 0.2% 1.3% 0.6% 3.7% 4.0% 1.5% 
0.106 0.2% 1.4% 0.7% 4.8% 5.7% 2.3% 0.1% 0.8% 0.4% 2.7% 3.3% 1.3% 0.2% 1.2% 0.6% 3.5% 3.8% 1.4% 
0.075 0.2% 1.4% 0.8% 5.1% 6.0% 2.4% 0.1% 0.8% 0.4% 2.7% 3.3% 1.3% 0.2% 1.2% 0.6% 3.6% 3.8% 1.4% 
0.053 0.2% 1.7% 0.9% 5.6% 6.8% 2.8% 0.1% 0.9% 0.5% 3.0% 3.6% 1.5% 0.2% 1.4% 0.7% 3.9% 4.3% 1.6% 
0.038 0.3% 1.7% 0.9% 5.8% 7.1% 3.0% 0.1% 0.9% 0.5% 3.1% 3.8% 1.6% 0.3% 1.5% 0.7% 4.0% 4.5% 1.7% 
-0.038 0.2% 1.4% 0.8% 5.0% 5.3% 2.4% 0.1% 0.8% 0.4% 2.8% 2.9% 1.4% 0.2% 1.3% 0.6% 3.6% 3.4% 1.5% 
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Aperture Test 1 – Size distributions of Mill load (Percentage Passing) (Figure 40) 
Size 
(mm) 
Initial Mill 
Load 
Grind 
Hold up 
Final 
Hold Up 
106 82.22% 96.88% 100.00% 
75 60.38% 76.00% 90.86% 
53 44.66% 63.76% 77.28% 
37.5 36.51% 54.86% 69.77% 
26.5 32.20% 49.43% 65.25% 
19.0 30.13% 45.65% 62.55% 
13.2 28.68% 43.29% 60.85% 
9.5 27.67% 41.37% 59.51% 
6.7 26.68% 39.86% 58.50% 
4.75 25.62% 38.65% 57.72% 
3.35 22.63% 37.36% 56.81% 
2.36 19.64% 35.74% 55.74% 
1.70 17.29% 33.65% 54.38% 
1.18 15.24% 30.84% 52.27% 
0.85 13.73% 28.10% 49.41% 
0.60 12.17% 24.76% 44.59% 
0.43 11.00% 22.06% 39.98% 
0.30 9.71% 19.06% 34.53% 
0.21 8.69% 16.73% 30.27% 
0.15 7.76% 14.60% 26.41% 
0.11 6.87% 12.58% 22.86% 
0.08 6.10% 10.96% 19.84% 
0.05 5.43% 9.58% 17.28% 
0.038 4.90% 8.50% 15.25% 
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Test 1 Estimated Test Hold up (Figure 41) 
Size 
(mm) T1-A4 T2-A2 T3-A3 T4-A1 T5-A1 T6-A2 
106 96.88% 97.40% 97.92% 98.44% 98.96% 99.48% 
75 76.00% 78.48% 80.95% 83.43% 85.91% 88.39% 
53 63.76% 66.01% 68.26% 70.52% 72.77% 75.02% 
37.5 54.86% 57.35% 59.83% 62.32% 64.80% 67.29% 
26.5 49.43% 52.06% 54.70% 57.34% 59.98% 62.61% 
19.0 45.65% 48.47% 51.28% 54.10% 56.91% 59.73% 
13.2 43.29% 46.22% 49.14% 52.07% 55.00% 57.92% 
9.5 41.37% 44.39% 47.42% 50.44% 53.46% 56.48% 
6.7 39.86% 42.97% 46.07% 49.18% 52.29% 55.39% 
4.75 38.65% 41.83% 45.00% 48.18% 51.36% 54.54% 
3.35 37.36% 40.60% 43.84% 47.08% 50.33% 53.57% 
2.36 35.74% 39.07% 42.41% 45.74% 49.07% 52.41% 
1.70 33.65% 37.11% 40.56% 44.02% 47.47% 50.93% 
1.18 30.84% 34.41% 37.98% 41.55% 45.13% 48.70% 
0.85 28.10% 31.65% 35.21% 38.76% 42.31% 45.86% 
0.60 24.76% 28.06% 31.37% 34.67% 37.98% 41.29% 
0.43 22.06% 25.05% 28.03% 31.02% 34.00% 36.99% 
0.30 19.06% 21.64% 24.22% 26.80% 29.38% 31.95% 
0.21 16.73% 18.99% 21.24% 23.50% 25.76% 28.01% 
0.15 14.60% 16.57% 18.54% 20.51% 22.48% 24.44% 
0.11 12.58% 14.30% 16.01% 17.72% 19.43% 21.14% 
0.08 10.96% 12.44% 13.92% 15.40% 16.88% 18.36% 
0.05 9.58% 10.87% 12.15% 13.43% 14.71% 16.00% 
0.038 8.50% 9.63% 10.75% 11.88% 13.00% 14.13% 
  
Page 184 
 
Test 1, 2 and 5 (Mid Points) Discharge as Percentage of Mill Hold Up and Dmax  
(Figure 46 and Figure 47) 
 
 
Discharge by Size as a 
Percentage of Mill Hold Up 
Normalised Discharge as a 
Percentage of Mill Hold Up 
Size 
(mm) 
Test 1 
S2-A2 
Test 2 
T2-A2 
Test 5 
T3-A2 
Test 1 
S2-A2 
Test 2 
T2-A2 
Test 5 
T3-A2 
19 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
13.2 0.06% 0.00% 0.00% 5.14% 0.00% 0.00% 
9.5 0.14% 0.10% 0.40% 11.12% 8.80% 29.96% 
6.7 0.37% 0.54% 0.32% 29.51% 47.38% 24.11% 
4.75 0.68% 0.72% 0.99% 53.91% 63.02% 75.26% 
3.35 0.65% 0.44% 0.60% 51.23% 38.81% 45.29% 
2.36 0.86% 0.64% 0.64% 67.90% 56.44% 48.42% 
1.7 0.92% 1.07% 1.12% 72.70% 94.07% 84.54% 
1.18 1.16% 1.40% 1.47% 92.30% 100% 100% 
0.85 1.25% 1.51% 1.63% 100% 100% 100% 
0.6 1.28% 1.36% 1.51% 100% 100% 100% 
0.425 1.27% 1.25% 1.47% 100% 100% 100% 
0.3 1.27% 1.18% 1.31% 100% 100% 100% 
0.212 1.24% 1.13% 1.30% 100% 100% 100% 
0.15 1.32% 1.10% 1.29% 100% 100% 100% 
0.106 1.23% 1.08% 1.28% 100% 100% 100% 
0.075 1.22% 1.09% 1.29% 100% 100% 100% 
0.053 1.45% 1.17% 1.39% 100% 100% 100% 
0.038 1.47% 1.04% 1.44% 100% 100% 100% 
-0.038 1.27% 1.19% 1.32% 100% 100% 100% 
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Figure 50 Mid-Point (A3) Classification Model Comparison 
Geo 
mean 
JK SAG Actual 
New 
Model 
276.1 0.0 0.0 0.0 
225.3 0.0 0.0 0.0 
175.7 0.0 0.0 0.0 
126.9 0.0 0.0 0.0 
89.2 0.0 0.0 0.0 
63.0 0.0 0.0 0.0 
44.6 0.0 0.0 0.0 
31.5 0.0 0.0 0.0 
22.4 0.1 0.0 0.0 
15.8 0.2 0.0 0.0 
11.2 0.25 0.06 0.02 
7.98 0.34 0.23 0.20 
5.64 0.44 0.30 0.38 
3.99 0.53 0.30 0.53 
2.81 0.62 0.41 0.65 
2.00 0.72 0.73 0.73 
1.42 0.81 0.95 1.0 
1.00 0.90 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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Figure 51 Mid-Point (A2) Classification Model Comparison  
Geo 
mean 
JK SAG Actual 
New 
Model 
276.1 0 0 0 
225.3 0 0 0 
175.7 0 0 0 
126.9 0 0 0 
89.2 0 0 0 
63.0 0 0 0 
44.6 0 0 0 
31.5 0 0 0 
22.4 0 0 0 
15.8 0.16 0.03 0.02 
11.2 0.25 0.19 0.12 
7.98 0.34 0.33 0.28 
5.64 0.44 0.60 0.45 
3.99 0.53 0.50 0.59 
2.81 0.62 0.62 0.70 
2.00 0.72 0.81 0.79 
1.42 0.81 0.98 1.00 
1.00 0.90 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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Figure 52 Mid-Point (A1) Classification Model Comparison 
Geo 
mean 
JK SAG Actual 
New 
Model 
276.1 0.0 0.0 0.0 
225.3 0.0 0.0 0.0 
175.7 0.0 0.0 0.0 
126.9 0.0 0.0 0.0 
89.2 0.0 0.0 0.0 
63.0 0.0 0.0 0.0 
44.6 0.0 0.0 0.0 
31.5 0.0 0.0 0.0 
22.4 0.06 0.0 0.0 
15.8 0.16 0.05 0.14 
11.2 0.25 0.82 0.21 
7.98 0.34 0.95 0.36 
5.64 0.44 1.01 0.51 
3.99 0.53 0.93 0.65 
2.81 0.62 0.95 0.76 
2.00 0.72 1.00 0.84 
1.42 0.81 1.0 1.0 
1.00 0.90 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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10.5 Appendix E – Pebble Port Test Data 
Figure 53 Pebble Port Discharge Tests 
Port Size 
(mm) 
Radial 
Position 
Discharge 
(g/min) 
30x80 0.233 40680 
30x80 0.122 39030 
30x80 0.017 40032 
30x80 0.017 30093 
30x80 0.017 10923 
30x80 0.022 51366 
40x80 0.122 27288 
40x80 0.233 8814 
40x80 0.233 8040 
40x80 0.233 10350 
50x80 0.233 13146 
50x80 0.122 27225 
50x80 0.023 42960 
50x80 0.122 46455 
50x80 0.233 45054 
60x80 0.233 13668 
60x80 0.033 47310 
60x80 0.122 20067 
60x80 0.122 30780 
60x80 0.122 29466 
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Figure 58 Pebble Port Mill Hold Up Distributions 
Size Initial 
Hold Up 
Final 
Hold Up 
106 96.67% 96.73% 
75 75.84% 77.81% 
53 63.62% 64.93% 
37.5 54.75% 56.02% 
26.5 49.32% 50.34% 
19 45.56% 46.90% 
13.2 43.20% 44.77% 
9.5 41.28% 43.39% 
6.7 39.78% 42.60% 
4.75 38.57% 42.12% 
3.35 37.89% 41.70% 
2.36 37.03% 41.34% 
1.7 35.86% 40.84% 
1.18 34.07% 39.99% 
0.85 32.23% 38.76% 
0.6 29.58% 36.37% 
0.425 26.92% 33.54% 
0.3 23.48% 29.35% 
0.212 20.57% 25.67% 
0.15 17.85% 22.18% 
0.106 15.44% 18.98% 
0.075 13.53% 16.66% 
0.053 11.59% 14.12% 
0.038 9.99% 12.32% 
-0.038 0.00% 0.00% 
 
  
Page 190 
 
 
Figure 60 Pebble Port Discharge Rate as a Fraction of Mill Load/min 
 
Discharge by Size as a Percentage of Mill 
Hold Up 
Normalised Discharge as a Fraction of Mill 
Hold Up 
Size 
(mm) 
T1-P3 T2-P2 T3-P1 T4-P1 T5-P1 T1-P3 T2-P2 T3-P1 T4-P1 T5-P1 
53 0% 0% 0% 0% 0% 0.00 0.00 0.00 0.00 0.00 
37.5 0% 0% 3% 0% 0% 0.00 0.00 0.09 0.00 0.00 
26.5 4% 9% 9% 14% 14% 0.38 0.38 0.26 0.34 0.38 
19 1% 9% 12% 17% 15% 0.11 0.38 0.33 0.44 0.38 
13.2 4% 8% 16% 30% 23% 0.38 0.33 0.44 0.76 0.61 
9.5 9% 16% 23% 26% 22% 0.84 0.68 0.64 0.66 0.58 
6.7 6% 13% 24% 26% 22% 0.58 0.56 0.65 0.65 0.58 
4.75 9% 18% 30% 29% 28% 0.79 0.77 0.83 0.75 0.74 
3.35 10% 20% - - 34% 0.90 0.88 - - 0.90 
2.36 10% 23% - - 38% 0.92 1.0 - - 1.0 
1.7 11% 22% - - 40% 0.94 1.0 - - 1.0 
1.18 12% 24% - - 42% 1.0 1.0 - - 1.0 
0.85 13% 26% - - 43% 1.0 1.0 - - 1.0 
0.6 12% 25% - - 41% 1.0 1.0 - - 1.0 
0.425 12% 25% - - 39% 1.0 1.0 - - 1.0 
0.3 12% 24% - - 37% 1.0 1.0 - - 1.0 
0.212 12% 24% - - 37% 1.0 1.0 - - 1.0 
0.15 11% 24% - - 36% 1.0 1.0 - - 1.0 
0.106 12% 24% - - 37% 1.0 1.0 - - 1.0 
0.075 12% 25% - - 39% 1.0 1.0 - - 1.0 
0.053 11% 23% - - 36% 1.0 1.0 - - 1.0 
0.038 12% 26% - - 39% 1.0 1.0 - - 1.0 
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Figure 67 30x80mm Pebble Port Classification Model Comparison (RP of 0.233) 
Geo 
mean 
JK 
SAG Actual 
New 
Model 
 
0.0 
  276 0.0 0.0 0.0 
225 0.0 0.0 0.0 
175 0.0 0.0 0.0 
126 0.0 0.0 0.0 
89.2 0.0 0.0 0.0 
63.0 0.0 0.0 0.0 
44.6 0.0 0.0 0.0 
31.5 0.07 0.0 0.0 
22.4 0.16 0.19 0.19 
15.8 0.24 0.34 0.37 
11.2 0.32 0.44 0.51 
7.98 0.41 0.40 0.62 
5.64 0.49 0.55 0.71 
3.99 0.58 0.90 0.77 
2.81 0.66 0.87 0.82 
2.00 0.75 0.85 0.86 
1.42 0.83 1.0 0.88 
1.00 0.91 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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Figure 68 40x80mm Pebble Port Classification Model Comparison (RP of 0.233)  
Geo 
mean 
JK 
SAG Actual 
New 
Model 
 
0.0 
  276 0.0 0.0 0.0 
225 0.0 0.0 0.0 
175 0.0 0.0 0.0 
126 0.0 0.0 0.0 
89 0.0 0.0 0.0 
63.0 0.0 0.0 0.0 
44.6 0.05 0.0 0.0 
31.5 0.13 0.0 0.04 
22.4 0.21 0.41 0.21 
15.8 0.29 0.55 0.38 
11.2 0.37 0.34 0.52 
7.98 0.45 0.64 0.63 
5.64 0.53 0.60 0.71 
3.99 0.61 0.53 0.78 
2.81 0.68 0.59 0.82 
2.00 0.76 0.60 0.86 
1.42 0.84 0.72 0.88 
1.00 0.92 0.83 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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Figure 69 50x80mm Pebble Port Classification Model Comparison (RP of 0.233) 
Geo 
mean 
JK 
SAG Actual 
New 
Model 
 
0.0 
  276 0.0 0.0 0.0 
225 0.0 0.0 0.0 
176 0.0 0.0 0.0 
127 0.0 0.0 0.0 
89.2 0.0 0.0 0.0 
63.0 0.02 0.0 0.0 
44.6 0.10 0.0 0.0 
31.5 0.17 0.36 0.06 
22.4 0.25 0.11 0.22 
15.8 0.32 0.36 0.39 
11.2 0.40 0.81 0.53 
7.98 0.47 0.55 0.63 
5.64 0.55 0.76 0.72 
3.99 0.62 0.86 0.78 
2.81 0.70 0.88 0.83 
2.00 0.77 0.90 0.86 
1.42 0.85 1.0 0.88 
1.00 0.92 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
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10.6 Appendix G – Combined Statistical Analysis  
Figure 74 Combined Classification Model Comparison 
Geometric mean 
(mm) 
JK SAG Actual Model 
276 0.0 0.0 0.0 
225 0.0 0.0 0.0 
176 0.0 0.0 0.0 
127 0.0 0.0 0.0 
89.2 0.0 0.0 0.0 
63.0 0.06 0.0 0.0 
44.6 0.25 0.15 0.0 
31.5 0.44 0.04 0.05 
22.4 0.53 0.17 0.16 
15.8 0.58 0.45 0.36 
11.2 0.62 0.42 0.52 
7.98 0.67 0.67 0.65 
5.64 0.72 0.65 0.74 
3.99 0.77 0.73 0.81 
2.81 0.81 0.85 0.86 
2.00 0.86 0.99 1.00 
1.42 0.91 1.0 1.0 
1.00 0.95 1.0 1.0 
0.71 1.0 1.0 1.0 
0.50 1.0 1.0 1.0 
0.36 1.0 1.0 1.0 
0.25 1.0 1.0 1.0 
0.18 1.0 1.0 1.0 
0.13 1.0 1.0 1.0 
0.09 1.0 1.0 1.0 
0.06 1.0 1.0 1.0 
0.04 1.0 1.0 1.0 
 
